ABSTRACT

CHOI, INCHUL. A Sensorimotor RhythniSMR)-Based BrairComputer Interfac€BCI)
Controlled Functional Electrical StimulatigfES)for Restoration oHandGraspingand
ExtensionFunctiors. (Underthedirection of Dr. Chang S. Najn

Each year, 795,000 stroke patients suffer a new or recurrent stroke and 235,000 severe
Traumatic Brain Injues (TBIs) occur in theUS. These patients are susceptible to a
combination ofsignificant motor, sensory, and cognitive deficaadit becomes difficult or
impossiblefor themto performactivities ofdaily living due to residual functional impairments
Recently, Sensorimotor Rhythn{SMR)-basedBrain-Computer InterfaceBCI) controlled
FunctionalElectrical Stimulation (FES)hasbeen studiedor restoation and rehabilitation of
motor deficits However, herearesomecentral issues icurrent studiess follows Unclear
guidelines to identify adequatd-ES electrode placemeandparametes; unstructuredMotor
Imagery (Ml)training proceduredack of studies talassifydifferentMI tasksin a singlehand,
such as grasping andpening and difficulty in decodingvoluntary MI-evoked SMR
(voluntary) compared td-ES-driven passie-movementevokedSMRs (passive)

This researchiried to address these issues by proposingpvel SMRbased BG
controlled FESsystemwith 2-classMI tasksin a single handandinvestigate the feasibility
of the proposed systewith strokeand TBIlpatients

The objectives ofStudy 1 wereto realize natural hamdrist motionsand to improve
user satisfactiorby developing a FES platform In Study 1, FES units with reaktime
computercontrolled functionality were built appropriateinitial FES electrodecoordinates

were provided with respect to anthropometric gatala systematigproceduravas proposed



to identify userspecific FESparametes. The posthoc analysigevealedthe scores of some
FES parametemweresignificantlylowerthan that dthe fixedparametergpulse rate= 35 Hz;
pulse width=220¢ ¥ It implied thatthe application of the usspecific FES parametecan
decrease perceived muscle pain and discomémtl, consequently, help to increase user
satisfaction.

The objective of Stud2 wasto propose a hovel SMBased BCWith visualguidance
for (1) classifying2-classMI tasls; (2) distinguishingvoluntaryand passiv&é&MRs; and (3)
identifying the best classification methodarticipants were asked to mentathymic visual
guidance repres¢ing two different rhythmic Misn synchronous experiment§he resuls
showed thathe accuracy oflassifying2-classMls (~71.25%)wassignificantly higher than
the true chance level, while that of distinguishimguntary and passive SMRs was not.
Furthermore the standardizedaccuraes between three classification methods were
significantly different, andhe ensemblemethodshowedsignificantly higheraccuracythan
linear discriminant analysis.

In Study 3 the patients performed goatoriented tasksin semiasynchronous
experimentdo validatethe feasibilityof the proposedsystem andto evaluatehe effects of
the FES existencetype and adaptivelearningon task performanceThe results shoed the
application ofadaptive learning sigficantly increased the accuracy, and the accuracy after
applying adaptive learningnderthe No-FES condition (61.9%) was significantly higher than
the true chance leveln addition, subjective mental workloads were compared betiveen

two experiments The results revealed that mental demand and frustraigmficantly



increased, while performance significantly decreah@thg semtasynchronougxperiment
compared teynchronougxperiment

This study was expected fwovidefundamental knowledge of BERESstudies such
asadequaténitial FES electrodeoordinatesuserspecific FES parametsetting proceduss
and the novethythmic MI tasksfor classifying2-class Mk in a single handMoreover the
proposedsystemcan be used astesbed to investigate importanhuman factors/ergonomics
topics such asthe effects of individual dferences andenvironmental factors omask
performance and user satisfaction. Finally, the resilthis researclcanalsobe utilized to
gain an understanding of neuroplasticity in rehabilitation of stroke and TBI patients in clinical

studies.
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PL Palmaris Longus

PQ Pronator Quadratus

PT Pronator Teres

USP Ulnar Styloid Process

RSP Radial Styloid Process

XiX



1. INTRODUCTION

Healthy individuals whose brains and neuromuscular systems enable normal motor
functions can naturally perform Activities of Daily Living (ADLS)onethelessfor some
peoplewho have disabilities in these functions due to injuor disease, simple tasks become
very difficult or impossible to do. To assist this population, researchers in many fields, from
physical therapyo engineeringhave developedariousrehabilitation technologies thaelp
them performADLs (van Delden, Peper, Kwakkel, & Beek, 2012; losa, Hesse, Oliviero, &
Paolucci, 2013; Loureiro, Harwin, Nagai, & Johnson, 200he such technology, Funatial
Electrical Stimulation (FES), delivers electrical impulses to either paralyzed or impaired limbs
to generatartificial muscle contractiofPeckham & Knutson, 2005; Sujith, 2008) this way,
FEShelps disabled peopperformADLs such as walking, reaching, and grasgilghnson &
Fuglevand, 2011; Popovic, Curt, Keller, & Dietz, 20@9me FES devices acentrolled by
BrainrComputer Intdiaces (BCls), sometimes callechim-machineinterfaces

In general BCls can help people communicate and control devices and applications
without using peripheral nerves and muscle pathw@&yslpaw, Birbaumer, McFarland,
Pfurtscheller, & Vaughan, 2002)BCls are alsoa potential method to promote the
independence of physically disablpdopleby means othe BCI® a bto bypassynon
functional neural pathway®aly & Wolpaw, 2008) A Sensorimotor Rhythm (SMR)ased
BCl-controlled FESsystemis a novel technologthat combines the advantages of FES and
BCI systems, andllows severely disabled patients to oestmotor functioathroughthe FES
system bytranslatingvoluntary Motor Imagery (Ml)to physical actior(Pfurtscheller et al.,

2003) There are many potentibenefitsof combining SMRbased BCG3 and FES systes



such as the promotion afeuroplasticity(McGie, Zariffg Popovic, & Nagai, 2015)the
restoation ofmotor functiors by using voluntary motor intentior{®furtscheller et al., 2003;
Rohm, MullerPutz, Kreilinger, von Ascheberg, & Rupp, 201&)dproviding proprioceptive
sensory feedback agealt of their intentiongHara, 2008)

Although SMRbased BGicontrolled FES methods segmomising current studies
still havecentral issueq1) unclear guidelines and procedumeshowto place FES electrodes
on propermusclesandhowto setFESparametesfor natural hand and wrist movementgh
minimumperceivednuscle pain and discomfo(R) ambiguousnstructionof Ml tasks during
training under SMR-basedBCl systems and (3) diffi culties in classifyng voluntary Ml -
evoked SMR and FESdriven passivemovementevoked SMR when FES is actated
Moreover,(4) only few studies have examined fieasibility of classifying two differenMl
tasksin a single hangsuch agiraspingandopening and(5) few studiesave examineduman
factors and ergonomics (HF/E) perspectives such as subjective mental workload and user
satisfaction in the use of SMBased BGlcontrolled FES systems

This studyaimsto address thesssuedy (1) building a customized FES platform that
could reproduce realime movemers of natural hands and wrists through brain sign@s
utilizing anthropometric data tprovide appropriatenitial FES electrodecoordinatesthat
could helpn finding adequaté&ES electrodplacement(3) proposinga systematic procedure
to identify userspecific FES parameters thebuld minimize perceivedmuscle pain and
discomfort ang consequentlyincrease user satisfactio@) developing a novel SMiRased
BCI system withvisualguidanceduring training to classifg 2-classMI taskin a single hand

and to classifyoluntary and passive SMRand(5) evaluatinghefeasibility of the proposed



BCl-controlled FES system lperformingsequentiagoalorientedtaskswith stroke and TBI
patients

The ollowing sectios provide a brief introduction to tHeESsystens and SMRbased
BCI systemdor patientswith stroke and TBland @ch sectiorsummarize the limitations of
current research studiéshereaftertheobjectivesof thisresearctstudyareoutlined at the end

of Chapter ISee Figure 1.1)

Research Literature
Study 1 Study 2
Objectives Review 4 4

Build a FES

Platform FES Units

Utilize Visual
Guidance

Find Appropriate
FES Placement
and Parameters

Provide Adequate
Initial FES
Electrode

Coordinates

FES Systems for
SMR-based BCI

Classify Different
Ml Tasks in a
Single Hand

SMR-based BCI

Classify Voluntary

Develop a Novel Systems for FES Propose a .
SMR-based BCI control Systematic SMR S&I\::sswe
System Procedure for FES
Parameters
Validate the Set Research
Proposed SMR- Hypotheses
based BCI-
controlled FES H
Validate the Proposed System
System Study 3 p Y

Figure 1.1. Research framework

Chapter Zontairs a surveyof currentFES systems anslystematic literature reviesv
of SMR-based BCktudiesfor FES systems. Thishapteridentifiesthe limitations of current
researchand clarifies the current statef BCl-controlled FES technolégs Based on the
survey and literature revieyresearch questions and hypothesese set according to the

objectives of thisesearctstudy at the end of Chapter 2.
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Chapter Jescribs Study 1consistingof two phasesin which the FE$latformwas
developed(See Figure 1.2)The first fhasedemonstratedlevelopment otustomizedFES
units, including thecharacteristics of FES parameters embodied irpthposedsystemand
the ability to control FES parameteren realtime. In the second phaseFES electrode
placementvas determined by considering anthropometric data to provide adéegtiat&ES
electrode placemén In addition, the userspecific FES parameters were identified by
following a systematic parameter determination procedure to enhance user satisfaetion
results of this phase coulelp to identify appropriatenitial FES electrodecoordinatesand
three usespecific FES parameters to restore natbhasdgraspng andopeningmotionswith

minimum perceivednuscle pain and discomfort
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Figure 1.2. Framework of Study 1



In Chapter 4, Study & novel SMRbased BCkystento control FESvas proposetb
address théssues orcurrent researclktudiesby (1) providing visual guicanceduring Ml
training (2) utilizing two differentrhythmic Ml taskssuch aslow onetime graspingndfast
cyclic openingto classifya 2-classMlI taskin a singlehand and(3) decodingdifferent SMR
inducing types, such asvoluntary Ml-evoked SMR and FESdriven passivemovemert
evoked SMRs. After training, the usespecific classification algorithm parameters were
identified according to three roles includi(y detecting SMR(2) classifyinga 2-classMI

task and(3) decodingsoluntaryandpassiveSMRs (See Figure 1.3)
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Figure 1.3. Framework of Studies2 and 3

Chapter 5Study 3 aimsto validatethe feasibility ofthe proposed BCFES system by
conductinga sequential task with fixed ord@nderasemiasynchronoumode and to analyze
p at i taskhperfosnanceandsubjectivemental workloadSee Figure 1.3All experiments

in this study wereonductedn patientswith hemiparesis
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1.1. How does FES work?

1.1.1. Stroke and Traumatic Brain Injury

Each year, more than 795,000 stroke patients suffer a new or recurrent stroke in the
United States, and 33 million patients suffer strokes worldylidteyd-Jones et al., 2009;
Mozaffarian et al., 2015)n addition,235,000severeTraumatic Brain Injues(TBI) occur in
the United States each yeand there are 57 million TBIs worldwidglirtz et al., 2007;
Langlois, RutlaneBrown, & Wald, 2006) Many of these patientare susceptible to a
combination of significant motor, sensory, and cognitive deficasglois et al., 2006; Pereira,
Teasell, Graham, & Salter, 20138)nd theyexperience residual functional impairme¢ilier
et al., 2010)For instance, 25% to 62% of stroke survivors and 77% of severe TBI patients
suffer from major physical complications such as spastaity muscle weaknegbloofien,
Gilboa, Vakil, & Donovick, 2001; Wallesch, Maes, Lecomte, & Bartels, 1997; Watkins et al.,
2002; Wissel et al., 2010)

These neuromuscular disordeeiseupper and/or lower extremity impairmengsich
as hemiparesis or hemiplegiand hinder patients from performing ADLs naturalior
example, between 25% and 74% of the stroke survivors in theedJ8tates (roughly 6.6
million) and worldwide (over 50 million) remain partially or fully dependent on caregivers for
ADLs (Miller et al., 2010; Patten, Lexell, & Brown, 2004or this reason, many research
studies and intervention methodisr these patients have been attempted to aid motor
rehabilitation- including physical, neurosurgical, and pharmacologictinentyDeJong,
Horn, Conroy, Nichols, & Healton, 2005; Langhorne, Coupar, & Pollock, 2009; Miller et al.,

2010) A combination ofthese rehabilitation techniques couldused fortreatmentamong



which physical therapy including occupationaltherapy, isthe most common and essential

(Miller et al.,2010)

1.1.2. FES Rehabilitation for Stroke and TBI Patients

The physical treatments include repeated rasfgmotion exercisegDuncan et al.,
2005) thermotherapy(Matsumoto et al., 2010)and electrical stimulatiorfKawashima,
Popovic, & Zivanovic, 2013; Quandt & Hummel, 2014mong thesephysical treatment
methodsfor patients FES is a common adjuvatiterapy and has been widely adopted as a
clinical applicationLynch & Popovic, 2008; Miller et al., 2010)evin and HuiChan(1992)
foundthatrepeated electrical stimulation could reduce spasticity and improve motor functions
in hemiparetic patientisSabut and colleague2011) also reported that conventional
rehabilitation(i.e., OT) with FES treatment showed better rehabilitation outcomes than OT
alone, with respect to reducing spasti@tdimproving muscle strength and motor recovery
in stroke patients.

FES systems also have unique strength®storng motor functions fohemiparetic
patients(Zhang, Guan, Widjaja, & Ang, 20Q7First, FES systems have advantages over
customized orthoses and exoskeletons because they are lightweight and affordable, and
universal in terms ahebody shape and sizé lbody partdhey can accommodafiottink et
al., 2004; Kralj & Grobelnik, 1973Dtheradvantages of FES treatment include the promotion
of motor learning and neural reorgartiaa (Jackson, Mavoori, & Fetz, 2006; Sujith, 2008)
The importance of the FES treatment is that calréctivation could be facilitated by forcing

the patients to practice with impaired extremitrdsich patients do not tend to use due to



difficulties (Teasell, Bayona, & Bitensky, 2015; Wolf, 200foreover, Papachristq2014)
identified the psycblogical benefits of utilizing~ES rehabilitationsuch as increasing self
esteem and reducing depressibherefore, mny research studies have been conducted with
FES for motor function restoration of stroked TBIpatients(Chan, Tong, & Chung, 2009;
Kawashima et al., 201¥,oung Williams, & Prabhakaran, 2014)

TheFESmethods can be applied to various body partteh aghefoot (Kottink et al.,
2004; Sabut et al., 201,19houlder and elbo$Aoyagi & Tsubahara, 2004; Chae, Sheffler, &
Knutson, 2008) and forearm(Lawrence, 2009; Thrasher, Zivanovic, Mcllroy, & Popovic,
2008) Among them, the restoration of hand functiswne of the most important for patisnd
independencén performingADLSs such as feeding, dressing, bathing, amakingtransfers
(Adams, Takes, Popovic, Bulsen, & Zivanovic, 2003; Mangold, Keller, Curt, & Dietz, 2005;
Popovic Popovic, & Keller, 2002) Further support for the importance of the hand function
weref ound i n L angh o(200%systematic revievwl heauthg quardifeed the
number of studies of each intervention target,fandd 115 studiegoncerninghand and arm
functions, as well as9, 14, and 68 studies for 4d-stand, standing balance, and gait
rehabilitationfor lower limbs, respectively.

TheFES system can be activategleither puskouttonrcontrol,cyclic prograns, orthe
patients effort(Doucet, Lam, & Griffin, 2012; McGie et al., 2015; Quandt & Hummel, 2014)
However, vhen FES is controlled bsither automated cyclic programar physical therapists,
the patiends intention and effortis decreasedThis means that the restoration of motor
functions is not directly involvedh the central nervous system, but is passively initiated by

otherfactorsrather than gatiend effort. In this case, neuroplasticity of thatignt which is



important to benefit rehabilitatiomay not be promoted wellie tathelack of synchronization
betweena patients effort and physiological feedback. Neuroplastiotgurs throughout the
central nervous syste(Daly & Wolpaw, 2008) and isdefined as thability of the human

brain to alter its structure in response to environmental denf@raganski et al., 2004Viany
research studieshowthe evidencef a positive effect on rehabilitation outcomes when the
patients intentionsare synchronized with thghysiological feedback. Lourencgéo et @008)
showed that receiving OT and FES treatraevith Electromyographic (EMG) biofeedback
improved upper extremity function significantly motigan receiving only OT and FES.
Cauraugh and Kint2002)utilized an EMG signal to synchronize the patiembotor intentions

and FES, and they reported that the application of El@gered electrical stimulation
enhanced voluntary motor control of stroke patients more than that of electrical stimulation
without utilizing EMG signalBarsi et al(2008)also found that the combination of voluntary
motor effort and electrical stimulatiomasmore effective compared to electrical stimulation

or repetitive voluntary training alone in rehabilitation of stroke patients becawesaigreater
potential to promote plasticity in the motor cortérr thesereasonsTakahashi et a(2012)
suggested that the FES system should synchronize between motor intention and the electrical

stimulation feedback tpromoteneuoplasticity.

1.1.3. Limitations of Current FES Studies

Although the EMGtriggered FES$aradigmshave many advantages, they also have
shortcomings. FirsteMG-triggered FESsystemsrequire the residual muscle activity of an

affected limb. Therefore, these pagus cannot be applied to severely disabled patients



whoseEMG signas are not consistently measurab{@akahashi et al., 2012Furthermore
EMG signas cannot be measured correctly when electrical stimulatiappéieddue to the
higher electrical amplitude of FES than that of EMG sigiidines, Crago, Chapman, &
Billian, 1996; Minzly, Mizrahi, Hakim, & Liberson, 1993Jhis limitation precludes patients
from utilizing EMG signas as a medium to stop or maintain the F&&8temwhenit is
activated For such patientand condions, BClscanbe used as an alternative method to detect
motor intenion directly from the brain signal without residual muscle activities.

Additionally, most of the current research studies did not precisely gefetpiat€&ES
electrode placemenody provide cleaguidancewhich helgs to identify appropriate electrode
coordinates with respect to muscle graupawrence(2009) measured the distances from
styloid processes and epicondyles in the forearrmdicate the coordinates of the FES
electrodesput the otheresearch studiegaguely described the name of the muscles where
electrodes were placeoh. Furthermore, only a few research studiesthken FES parameters
into accountthat areimportant (1) to carry out natural muscle contractjof2) to reduce
perceivedmuscle pain and discomfoendconsequently3) to enhance user satisfaction. Tan
et al.(2011)proposed a muscle model withe weight and length aheforearm to determine
the intensity of electrical stimulation for controlling forearravement. Kesar and colleagues
(2008)compared muscle performance with threesslght combinations of pulse rate and pulse
width, and reported that constant pulse width and stepwise increases in pulse rate showed better
performance of muscle contraction than fixed frequency and stepwise incsesheuitise

width or fixed pulse widthrad rate Even though therexist fewstudies as above,ore studies
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need to be conducted help researchernslentify appropriate FE®lectrode placement and

parametecombinations.

1.2. How does SMRbased BClcontrolled FES work?

1.2.1. What is aBCI?

BCls can help people to communicate and control devices and applications without
using peripheral nerves and muscle pathw@yslpaw et al., 2002)BCls area potential
method to promote the independence of disabled persons bectusesof BC | ®ldypaasb i | i t y
nonfunctional neural pathway®aly & Wolpaw, 2008) Therefore, mny researchers have
endeavored to apply BCI technologies to assist disabled persons with severe neuromuscular
impairments such anyotrophiclateralsclerosis, cerebral palsy, spinal cord injyrgrsistent
vegetative state, lockdd syndrome,TBI, and strokecomplications(Brouwer & van Erp,
2010; Daly & Wolpaw, 2008; Mak & Wolpaw, 2009; Nijboer et aQ08).

A wide variety of BCI systems have been developed for communication and control of
assistive devices. For example, thereameoustypes of BCispellers with visual, auditory,
and even tactile stimuto help patients communicate with the outswidorld (Brouwer & van
Erp, 2010; Farwell & Donchin, 1988; Kathner et al., 2013; Klobassa et al., Ra@®cheller
et al., 2008) Tosupportpat i ent sdé mobi l ity and -aootwled si bi | |
applications habeendevelopedsuch as BGtontrolled wheelchairs, orthoses, prostheses, and
exoskeletongBarsotti et al., 2015; Iturrate, Antelis, Kubler, & Minguez, 2009; Pfurtscheller

et al., 2008; Pfurtscheller, Sclisscalante, Ortner, Linortner, & Mulkétutz, 2010; Popovic et
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al., 2002) Moreover, BCicontrolled robots, games, and even music ahdpgplicationsvere
developed to improve their quality of lif@ell, Shenoy, Chalodhorn, & Rao, 2008; Finke,
Lenhardt, & Ritter, 2009; Grierson, 2008; Holz, Botrel, & Kubler, 20i & Nam, 2015;
Nam, Lee, Bahn, Li, & Choi, 2014; Nam, Moore, Choi, & Li, 2Q15)

Brain imaging technologies to measure brain agtican be classified into two
categories: noimvasive, such adlectroencephalography (EEGhagnetoencephalographic
functional nearinfrared spectroscopyunctionalmagnetic resonance imagingndpositron
emissiondmographyand invasive, such as implantablectrocorticography anishtracortical
neuron recordingnethods(Bhattacharyya, Khasnobish, Ghosh, Mazumder, & Tibarewala,
2015; Buch et al., 2008; Carpi, Rossi, & Man@006; Ferrari & Quaresima, 2012; Homer,
Nurmikko, Donoghue, & Hochberg, 2013; Schalk & Leuthardt, 2011; Weiskopf et al.,.2004)
Each Ivain imaging methodhas four distinct characteristicsspatial resolution, temporal
resolution,cortical coverageand systemcomplexity including cost. For example, nvasive
methods such adectrocorticographgndintracortical neuron recordirghowhigh spatial and
temporal resolutiorbut only narrowcorticalareas can be measured. In addition, the invasive
methodsare accompanied by surgery, which limits their applicatahighcost On the other
hand functional magnetic resonance imagoamn measure a largeortical coveragavith high
spatialresolution, but this method also hag disadvantageof low temporalresolutionand
high coss. Among the various brain imaging methods, the EEG method has beewaetlest
studiedbecauseof its advantagesuch adow prices, convenience, mobilitylarge cortical
coverageand high temporal resoluticcompared to dter methodgAmiri, Rabbi, Azinfar,

FazetlRezai, & Asadpour, 2013)
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1.2.2. SMR-basedBClI-controlled FES Systems

One of the most studied afany BClsystemds SMR-based BC3 which utilizeMls.
Beisteiner et al(1995)definedtheMlasi an i magi ned rehearsal of
overt mg@vl83dnandbMBsinduced byMlsarecharacterizetdy (de)synchronization
in the alpha andbeta frequency bandsser the bilateral, contralateral, and ipsilateraitor
cortex area(Mduller et al., 2003; Neuper, Wortz, & Pfurtscheller, 2006; Pfurtscheller, 1977;
Pfurtscheller & Aranibar, 1979Pfurtschelle(1977)first introduced the terminologivent
Related Desynchronizatidi&ERD) to describe evemelatedattenuation in the EEG signéle
then addedthe term EvenRelated Synchronization (ERSp explain eventrelated
enhancemenPfurtscheller, 198). These SMR features ERD and ERShave beerwidely
employedto decode differentMls, such as left or righhand motor intention(McFarland,
Miner, Vaughan, & Wolpaw, 2000; Pfurtscheller &tper, 2001; Pfurtscheller & Neuper,
1997)

Combining SMR-basedBCls and FESsystens to help severéy or completéy
paralyzedpatientss a new approachrhis combinatiorcouldnot only restorenotor functiors
(Pfurtscheller et al., 2003)ut it also has the potential to facilitate neuroplasticity by
performingMIs (McGie etal., 2015) Furthermore, BGtontrolled FES systentanprovide
the result of the imagined motion througtoprioceptive sensory feedbaghara, 2008)For
instance,Daly et al (2009) utilized the brain signas to trigger FESduring index finger
movementtraining andthe participant showethe recovery ofthe volitional isolatedindex
finger movemerns. In addition, Takahashi et a(2012)appliedan SMR-basedClI-controlled

FES system to perform dorsiflexion of the paralyzed ankle in a paitignstroke The authors
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reporteda promising result ithatboththe amplitude of EMG irthe affected tibialis anterior
muscleandthe range of movement at the ankle joint significantly increased witB N
based BCicontrolled FES systemin comparison with FES alonélcGie et al (2015)
compared five differeninterventions, such ad) BCl-controlledFES, (2) EMG-controlled
FES (3) conventionapushbuttoncontrolled FE$(4) voluntarygrasping and(5) BCl-guided
voluntary graspingvith ten healthy participants to investigate #féects onneuroplastiity.
The authorsassessedhanges in mwtor-evoked potentials inducedby transcraniaimagnetic
stimulation before and after eadhaining sessionand the results showdngherupregulated
potentialsafter applyingBCI-FES and EMG&ESmethodghan other conventional therapies.
They arguedthese resultsuppored the hypothesighat BCI-FES and EMGFES methods
couldinduce greater changes terms of neuroplasticitshan other therapieblore support for
the use ofSMRs induced by Misas promising interventios to improve motor function
rehabilitationin stroke patientvasf ound i n Sh ar mstematcdevieg008) e ague s
There were also many studiesshowing positive outcomesn using SMR-based BClisfor
rehabilitationof patientswith severe motor impairmen{Paly & Wolpaw, 2008; Stevens &

Stoykov, 2003; de Vries & Mulder, 20Q7)
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1.2.3. Limitations of Current SMR-basedBClsfor FES Studies

Although SMR-basedBCl-controlled FESsystemsseempromisingfor rehabilitation
of patients with stroke and TRhere arghree mairdimitations inrecent researcstudies

Firstly, most of the current research studiasenot clearly descrileethe procedurs
of Ml training inthe BCI systens. Brain signas varynot onlyfrom person to persebutwithin
the same persodue to the nosstationarity of brain signal(Krusienski et al., 2011; Lotte,
Congedo, Lécuyer, Lamarche, & Arnaldi, 200Fhus, machine learning techniques witlset
of training procedurelsave beemadopted to improve BCI performan@édaurre & Blankertz,
2010) Although there are many studies that have strived to reduce the training(Geried,
Edlinger, Harkam, Niedermayer, & Pfurtscheller, 20@firtschelle& Neuper, 2001)SMR-
based BCI systems still require relatively longer training than other BCldkxhes, such as
steadystateevokedpotential orEventRelatedPotential(ERP) In addition sinceMI taslks to
evoke SMRaremental imaginatiosithatdo not involve physicalfeedback experimentesor
physical therapistcannot knowwhetherthe patientis properlyperforning the Mi tasks. To
address these issues, usshsuldto be providedwith clear Ml procedures for easy and
efficient training However,only few research studies focus on these isqiBdsnkertz,
Dornhege, Krauledat, Muller, & Curio, 2007; Gatti et al., 2013; Schuster et al.,. 2011)

Secontly, SMR-based BCIsisingEEG signalsurrentlyhavelimited ability to classify
two different Mls ina singlehand, such agraspingandopening due tothe low accuracyof
the current classification algorithmsSome SMR-based BCI studies haveassified two
different motor functions i singlehand by applyingontralateraMls, such asright hand

MI for grasping anda left foot MI for extensionHowever, thisapproachmay benot able to
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facilitate neuroplasticitgompletelydue to unnatural contralk is alsodifficult to distinguish
betweenvoluntary Ml-evoked SMRs and FESdriven passivenovementevoked SMRs,
becauséoth conditionlicit similar brain activity(Muller et al., 2003) This resultimplies
that it is difficult to stop okeepelectrical stimulatiorby usingSMR featuredecause brain
signals contain voluntary Mdvoked SMRs, or passive motiendked SMRs mixed with
strong electrical artifacts.

Lastly, due to the lack of functionality of ethe-shelf FES units, it iglifficult to
producenatural motor functiongMlany commerciallyavailableFES systems have only two or
four electrodes taeliverelectrical stimulationso the application of electrical stimulation to
multiple muscles and nerve for naturalhand and wristnovementss limited. Beyond this,
only afew FES systems support reéahe computercontrolthatis essentiafor synchronizing
MI-evoked brain signalsnd FESdriven physical feedbackAlthough some medical and
research purpodeuilt FES systems support mutthannel electrodes and reéahe control,

these systemareeither expensive or not commercially available in the UnitateSt
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1.3. The Objectives ofResearch

The objectives of thistudywereto address the limitationsf currentresearctby:

1) Developng a customized FES platform with reakttime computeicontroled
functionalityto realizenatural hand and wrishotions viabrainsignak.

2) Proposing a systematic parameter determination procedure to enhance user
satisfaction, as well as providing adequate initial FES electrode coordinates.

3) Propo#ng a novel SMRbased BCI systemwith visual guidelines for Ml training
not onlyto classify a 2-classMI task betwe@ grasping andpeningin a single
hand but alsoto decode voluntary MévokedSMRs and FESIriven passive
movemertevokedSMRs.

4) Validating the proposedMR-basedBCI-controlled FES systemby performing

goaloriented tasksvith strokeand TBlpatients

The following chaptemcludesa surveyof current FES systenand literature revies

of SMR-based BCicontrolled FESo identify essential features of FES units, as well as to

clarify currentresearcHimitations.
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2. LITERATURE REVIEW AND SURVEY

This chapterconsiss of a survey and literature review. Firsthe anatomy of skeletal
muscles for FESas well ad~ES principles and guidelinegeresurveyedAfterward the FES
systems used in curreBMR-based BCresearch studieserereviewedto identify essential
elements necessary to devebbpustom FES system, as welltalarify current limitations
of FES studiesin addition, SMR-based BCI research studiegere reviewed toidentify
important featureso considerin BCI sydens, such asMI trainingmethods EEG electrode
placementandsignalprocessing proceduréscluding classification algorithmd his review
alsoclarified current limitations of SM®ased BCI studieg:inally, the hypothesewereset

on the basis ahe survey and literature reviews according todjectivesof this study.

2.1. FES SystemSurvey

When using FES systes) many factors should beken into accounsuch as(1)
guidelines includingrecautionscontraindicationsandskin preparatios; (2) theanatomy of
skeletal muscles according tlifferent hand and wristnotions and(3) important features
including FES electrode placement and paramdate=ES operationThe followingsections
briefly introducedrES principlesandthensummarized~ESguidelines principalmuscledor

grasping and opening motigrendessentiafeatures irFES operation
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2.1.1. FESPrinciples

Neuromusculagelectrical stimulation, also known adectrical muscle §mulation or
electromyostimulationuses electrical stimulatia to elicit muscle contractio(Chae et al.,
2008) FESrefers tahepractical utilizatiorof electrical stimulatioto support or restomaotor
functiors for patientswith motor disordersand it focuse on goalorientedtaskssuch as
walking, reaching, and graspin@Peckham & Knutson, 2005)Peckham and Knutson
distinguished betweetierapeutic electrical stimulati@mndFES,with theformerintendedi t o
improve tissue health or voluntary function by inducing physiological changes that remain
after the stimulation is us@gwhile FES intervention igsedi t o  efunetibnlbyereplacing
or assisting a pen(2005np828) Quandt and HemmgR0la)@alsol i t y 0
distinguished between therapeutic electrical stimuladimh FESand the autherdefinedthe
role of the former asinducing physiological changes kpromoting brain plasticity and
improving spontaneousnotor functions andthat ofthe latteras supplemenng lost motor
functions by stimulating muscles in a coordinated martewever, thee terminologies are
used interchangeably by peopiaifferent fields such as physical therapisteuroscientis
and biomedical engineerdn this study, he definition of FESwas limited to stimulating
muscledo restore motor functions

As the FES systemcan deliver electrical stimulatiodirectly to the neuromuscular
systemfor muscle contraction, itan replacethe lost musclefunctiors in patientswith
disabilities (Peckham & Knutson, 20050nce FES is appliedto motor nerves,action

potentials are generateshd propagatkalong the axon to the target mus{®opovic et al.,
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2001; Suijith, 2008)The stimulated muscle then contracts when @bgon potentialsare
propagatd to the muscléPopovic Curt, Keller, & Dietz, 2001)

Electrical stimulation can beeliveredvia surface(transcutaneouspercutaneous, or
implanted electrodehamisha, 2011)Although each electrode type has its own advantages
and disadvantages shown immable2.1, surface electrodes are widelgedbecause¢hey are
cheap, easy tase andreadily available on the markeinlike implantectlectrodeshatrequire
surgicalplacemeniDoucet, Lam& Griffins, 2012; Peckham & Knutson, 200Bppovicet

al., 2001)

Table 2.1. Comparisons of different FES electrode types
(Retrieved from Peckham and Knutson(2005) Doucet et al.(2012)and Popovic et al(2001)

Surface Percutaneous andmpl anted

- Inserted thragh the skin into the nerves

Electrode Position - Placed on the skin or muscles

- Flexibility to support various treatments
- No surgical intervention

- Easy to remove

- Easy to apply

- Higher muscular selectivity
- Lesssetup time after implantation
- Minimizing discomfort

Advantage

- Surgical intervention
- Necessity of assistance to place the syste - Higher cost
- Less convenient in the ADL - Skin irritation
- Breaking or dislodging of the electrode

Disadvantage
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2.1.2. Precautions and Contraindications of FES

When applying FES to wusers, researchers should check precaudiohs
contraindications fop a t | safety(3obes & dhnson, 2009; Reed, 1997; Rennie, 2010)
Cameron(2012)di st i ngui shed contr ai rCdntranditatioosnase and
conditions under which a pacular treatment should not be applied, and precautions are
conditions under which a particular form of treatment should be applied with special care or
limitationsd  ( p Reed91p97) defined four contraindications and nine precautions for
electrotherapy,and Jones and Johnsof2009) and Rennie(2010) also mentioned some
contraindications and precautiofisible2.2summarizes thprecautions and contraindications
to electrotherapyn the literature reviewBased on the summary, &ES safety screening
guestionnairavas completed (See Appendix A). These questions should be askedht®
participantbefore treatmestor experimergand exclude participants with symptoms listed on

the questionnaite

Table 2.2. Precautions and contraindications for electrotherapy

Controversy includessymptomsinconsistently classified
(Retrieved from Reed(1997) Jones and Johnsotf2009) and Rennie(2010)

Contraindications Controversy Precautions
- Unstable cardiaconditions - Epilepsy - Decreased sensation
- Implanted devices - Skin disease - Dysesthesia
(e.g. pacemakers) - Hyper/hypotension - Impaired circulation
- Pregnancy - Impaired cognition - Over the thorax
- Acute danger oHemorrhag - Impairedcommunication - Over phrenic nerve
- Acute danger oThromboembolism - Malignancy
- Tuberculosis - Over the anterior neck
- Over the eyes
- Over head
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2.1.3. Principal Musclesfor Hand and Wrist Motions

In this sectionprincipal muscle$o place FE&lectrods were investigatedccording
to each motionFor example, to generategaaspingmotion thatis essentiafor improving
ADLs (Popovic Thrasher, Zivanovic, Takaki, & Hajek, 200%iyst, the wristand thumb
should ban extensiorwith half-flexion of thefour fingers beforereaching an object, and the
wrist andfingersshouldbe inflexion when the object is closnougho betouched Clarkson,
2000; Standring et al., 2008)hese consecutivmovemens require precise coordinatiayf
extensorand flexormusclesof thefingersand wrist.

The compartment of the flexor muscles on the forearm sisrddi superficial flexor
muscles and deep flexor musc{€sandring et al., 2008[rigure 2.1shows the anatomy of the
anteriorforearmmuscles. Wo colored circles, a blue solid circle and a red dotted circle,
indicate flexor muscles of the wrist and fingers, respectividig. siperficial flexor muscles
consist ofPronator Teres (PTHexor Carpi Radialis (FCR), PalmarisLongus(PL), Flexor
Digitorum Superficialis(FDS), andFlexor CarpiUlnaris(FCU), whilethedeep flexor muscles
are composd of Flexor Digitorum Profundus (FDP), Flexor Pollicis Longus (FPL) and
PronatorQuadratus (PQ)Among themFCR, PL, and FCU are the muscles on which the FES
electrodes should be placed because they are responsible for the wrist fiéX{ias.the
musclefor flexion of the thumh while FDS and FDP are fahe flexion of the middle and

distal phalanges d@hefour fingers respectively
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Extensor carpi
radialis brevis

7 .
Palmaris longus

Ulnar nerve

Ulnar nerve, dorsal branch
Abductor pollicis longus

Radial artery
Pronator quadratus
Ulnar artery

Antebrachial fascia Extensor pollicis brevis

Palmar aponeurosis

7
—— o o e e mm mm e

Figure 2.1. Superficial flexor muscles of the left forearm.

Blue solid circles indicatethe flexor muscles of the wristand red dotted circlesrefer the flexor muscles of
the fingers. Flexor digitorum profundus is superimposed orflexor pollicis longus.
(Modified from Gray's Anatomy. 40th Ed. p. 846, Fig. 49.12 and Fig. 49.13)

Similarly, the compartment of the extemsmuscles on the forearmonsistsof
superficial extensor muscles and deep extensor mugstaadring et al., 2008Figure 2.2
shows the muscle anatomy of thesteriorforearm,anda blue solid circle and a red dotted
circle indicate extensor muscles of the wrist and fingers, respectugbgrficial extensor
musclesare composedf brachioradialisExtensorCarpi RadialisLongus(ECRL), Extensor
CarpiRadialisBrevis(ECRB), Extensor DigitorunCommuniSEDC), extensordigiti minimi,
Extensor Carpi Ulnaris (ECUandanconeusDeep extensor musclesnsist ofthe abductor
pollicis longus Extensor Pollicis Longus (EPL), Extensor Pollicis Brevis (ERBjensor

indicis, and supinator Among them ECRL, ECRB, and ECU carry owvrist extensionso
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FES electrodeshould be plaakon those muscled~or fingers,EDC is the musclefor the

extension othe four fingersandEPL and EPBarethe musclesor thumbextension

Fascial origin of
extensor carpi ulnaris
with anconeus deep

to this
Abductor pollicis longus
Radial nerve, superficial branch Extensor digit minimi
pmmm——— 1 ' .
Extensor pollicis brevas -\—‘ Extensor carpi ulnaris
Extensor carpi radialis brevis Extensor indicis

Extensor carpi radialis Iongus

______ dorsal branch

Ulnar nerve,

dorsal branch
Extensor retinaculum

—---—_—

Figure 2.2. Superficial extensor muscles of the left forearm.

Blue solid circlesindicate the extensor muscles ofhe wrist, while red dotted circles show theextensor
muscles ofthe fingers. (Modified from Gray's Anatomy. 40th Ed. p. 848, Fig. 49.14)

Table2.3organizeghe flexor and extensor muscles on the forgamontrollingwrist
and fingers as well aghe innervating nervesThis tablealsoincludes motiorgenerated by
each muscleSimilar motionscan be produced by apphg electrical stimulation to the

corresponding muscleshich are used iStudy 1 toidenify properelectrode placement.
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Table 2.3. Flexor and Extensor muscles on the forearm
(Retrieved from Gray's Anatomy. 40th Ed. p. 784, Fig. 45.1)

Movement Muscle Abbreviation Nerve
Flexor carpi radialis FCR Median
Wrist Palmaris longus PL Median
Flexor Flexor carpi ulnaris FCU Ulnar
Fingers Flexor digitorum profundus FDP Anterior interosseous & ulnar
Thumb Flexor pollicis longus FPL Anterior interosseous
Extensorcarpi radialis longus ECRL Radial
Wrist Extensor carpi radialis brevis ECRB Posterior interosseous
Extensor carpi ulnaris ECU Posterior interosseous
Extensor
Fingers Extensor digitorum EDC Posterior interosseous
Extensor pollicis longus EPL Posteriorinterosseous
Thumb
Extensor pollicis brevis EPB Posterior interosseous
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2.1.4. Features in FES Operation

A few FES systemsare commercially available and each system has different
capabilities such as the number BESelectrodescurrent amplitudepulse rate, pulse width,
the stimulation waveformandapplication oframp time.Furthermore, variouBESelectrode
sizes and shapese readily availablen the market.

Choosingthe right number of FES electrodes and their placemastimportantto
generate natural hand and wrist moveraeRbr example, at least two pairs of electrical
stimulation channels are requiredréproducenrist flexion and extensiofLawrence, 2009)

A pair of FESelectrodesincluding acathodeelectrodgnegative, black legglaced on wrist
extensorsuch as ECRL, ECRB, and ECGlndan anodeelectrode ffositive, red leadplaced

near the lateral epicondylare neededo achievewrist extension.Another pair of FES
electrodess also required for wrist flexion, andcathodeelectrode should be located on wrist
flexors such as FCR, PL, and FCU, whileaswodeelectrode should be placed nda medial
epicondyle. Similarly, finger flexion and extension alseguire a pair of ekctrodes
respectivelySince the grasping force is generated by the pressure between the thumb and the
other fingers, the extension and flexion of the thuatgo play an important role in grasping
(Bertelli, Tacca, Ghizoni, Kechele, & Santos, 2010herefore,four to six pairs of FES
electrodes are required performnatural hand movements such as gragpimdopening

If the FESelectrodes are not in tlelequatgoosition it can cause not only unwanted
motion (Lawrence, 2009)but alsoinduce musclepain and discomforto the user(Lyons,
Leane, ClarkeMo | oney, OO0 Br i e.rHpwever, Lawrene (2009) f@uodahat)

anode electrode placemdrad no significant effean muscle contraction unless the distance
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between anode and cathode electnéds greatethan 2 cmFigure2.3illustrates an example

of FESelectrode placement for wrist extension and flexabthe right forearm

Wrist extensor  Lateral epicondyle

Wrist flexor Medial epicondyle

Figure 2.3. Electrode placement on the right forearm for wrist extension and flexion

Another important feature of electrical stimulation is pulse ratkso calledthe
stimulation frequency. To avoid muscle twitches and to achieve functionasustadined
muscle contraction, pulse rate shouldsbeabove20 Hz (Popovicet al., 2001)Benton et al.
(1991)argued thatigher pulse rateould producetronger muscle contraction, kaiso could
causefaster muscle fatigue during continuous stimulation. Matsunaga and colle iR&3)
however, reportethe oppositeresultfor intermitent low frequency (20 Hz) aridtermittent
high frequency stimulation (100 HZJhe authors foundhat intermittent stimulation of 4
seconds caused lesaiscle fatigue ahehigher frequency than #gtelower frequency. These
two conflicting resultareuseful in determining pulse rate depending ordtivation ofmuscle

contraction.
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The strengthof muscle contraction can be controlled by current amplitude and pulse
width (Sabut et al., 2011; Thrasher et 2008) Pulse width, also known as pulse duration, is
the stimulus time per cycle, and current amplitude is the intensity of electrictimulus
deliveredby each pulseFigure2.4 shows exampkeof different current amplitudes and pulse
widths.Figure2.4 (a) indicates a 25% duty cycle (stimulation is delivedtadng 25% of the
cycle time), while (byhowsa 50% duty cycle within the same cycle tifegyure2.4(c) shows

a 50% duty cycle waveform witlwice the amplitude shown iRigure2.4 (a) and (b)

@ — [ L
(b) IHf

(€ — T

Figure 2.4. Examples of different current amplitude and pulse width.

(a) 25% duty cycle, (b) 50% duty cycle within the same cycle, and (tyice amplitude than others.

Crago et al.(1980) found thatthe strengthof muscle contractiorhasa nonlinear
relationship with current amplitude or pulse width, dnatthe shape of the nonlinearity
affectedby thelocationof the electrode omuscle and muscle length. However, there are only
a few modelsthat estimate the appropriate current amplitude and pulse widédedto
maximize user satisfaction with respect to tbegth and mass of theuscle on which

electrodes are placétdawrence, 2009; Lyons et al., 2004)
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The shape of electricatimuluswavefornsis also a featurto considerThe gimulus
waveforns can be classified as monophasic or biphasic. A monophasic waveform has a single
phase with a unidectional pulsehaving one positive or negative phase, while a biphasic
waveform has two phases with both positive and negative phasehown irFigure 2.5
(Marthez-Rodrgguez, Bello, [Faiz, & MartinezBustelo, 2013)Most FES systems employ
biphasic electrical stimulation because a constant polarity from monoghasituscan cause
skin burns, muscle fatigue, and tissue danfigathez-Rodruez et al., 201Fopovicet al.,
2001) The bphasic waveforntan havehree fiapes symmetric, balancedsymmetric, and
unbalanced asymmetric. Figure 2.5 illustrates four different monophasic and biphasic
waveforms Between symmetrad and asymmetral electrical waveforms many studies
suggesthe asymmetrial waveformleads to more effective muscle control anéssmuscle
fatigue than the symmetricalwaveform (Keller, Ellis, & Dewald, 2005; Lawrence, 2009;

Ragnarsson, 2008)

Monophasic

Biphasic

Amplitude

Balanced Unbalanced
Symmetrical asymmetrical asymmetrical

Duration

Figure 2.5. Monophasic and biphasic waveform

(Retrieved from Figure 11.7 in ghysical agents theory and practic€Behrens & Beinert, 2014)
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Ramp time is &o an importanfunctionto enhanceise® somfort. Ramp timewhich
typically lass for 1 to 3 seconds, can be applied to current amplitude or pulse raté, and
indicatesthe duration from theeginningof stimulusto thedesiredcurrent amplitude or psé
rate (Baker, Wederich, McNeal, Newsa&,Waters, 1993)Figure2.6 shows an examplef

rampingin current amplitude.

Ramp time . Ramp time
a0 By H | pampiE—
o — —y |—|
b=
a
£
Time off
L |
I - 1
Time on
Time, s

Figure 2.6. Ramp time for current amplitude
(Retrieved from Figure 11.21 in Physical agents theory and practigehrens & Beinert, 2014)

The sizeand shapeof the electrode pads alsdfect muscle contraction and user
satisfaction Whenthe electricalstimulusis distributed under the electrode surface atea,
currentdensityand surface ard@ave arnnverse relationshiplhis meanghatsmall electrode
can delivelhigh currentdensityonasmall area, and vice ver@atterson & Lockwood, 1991)
Generaly, largeelectrode pads can deliver the same current amphttde reducingmuscle
pain and discomforcompared tosmall electrode pad@Patterson & Lockwood, 1991)
However the size of the electrode pads should reflect the size of the target (elde &

Kuhn, 2008) For example, aathodeelectrodeshould beplacedontheabductor pollicis brevis
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muscle to generate thumb abductiand f thecathodeslectrode is too large for the stimulation
site, then electrical stimulati@isostimulates adjacenunrelatednuscles and nervagsulting
in undesirablemotion Table 2.4 lists various size and shapg of electrodepads using a
standard 2 mndiameter lead wire witla pin connector Figure 2.7showsthe threeselected
electrode padsvhich are readily available on the markéthese electrodes contain self
adhesive hydrogeinthe padmaking it easier tattach electrodes on the skindto improve

contact and electrical conductivity between the skin and elest(bderence, 209).

Table 2.4. Various sizesand shapes ofES electrode pads

These electrodes are available on Axelgaard.com (Axelgaard Manufacturing Co., Ltd., Fallbrook, CA)
and TensUnits.com (TensUnits.com, LargdrL). All units are inches.

Oval Round Square Rectangle
1.5X25 1 2X2 1.3X21
2X4 1.25 15X15 15X3
3X5 2 2X35
2.75 2X5
3 3X4
4 2 X 4 (Dual Lead)
2 mm (1/8”)

<« PinConnector \

P P

(@) (b) (€)
Figure 2.7. Three different types of FESelectrodeswith a 2 mm pin connector
(a) 2" X 2" square (b) 2" round (c) 2" X 3.5" rectagle electrode padgAll units are inches)

(Retrieved from TensUnits.com (TensUnits.com, Largo, FL))
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2.1.5. Summary

In this section the survey of FES system confirms the precautions and
contraindication®eforeapplyingFES (Jones & Johnson, 2009; Reed, 1997; Rennie, 2010)
The FES safety screening questionndge FES experimentss available inAppendix A,
which summarizd precautions and contraindicatioinem thesurvey The principal muscles
for extension and flexion of the hand and wase also identified Finally, the important
featuresin building a custom FES platforrare identified such as the number &ES
electrodesFES electrode placement, pulse rapelse width, current amplitude, stimulation

waveforns, ramp time, an@FESelectrode patlypes

The summary of the survey is as follows

A SurfaceFES electrodeare widelyusedbecause they are cheap, easy to use, and
readily available on the mark@Doucet et al., 2012; Peckham & Knutson, 2005;
Popovicet al., 2001)

A Beforeapplying FES tgarticipantsthe investigatoshould check precautions and
containdicationgJones & Johnson, 2009; Reed, 1997; Rennie, 2010)

A The precise coordination of flexor and extensor musmtewhich FES electrodes
are placedis necessaryfor natural hand and wristnotions (Clarkson, 2000;
Standring et al., 2008)

A Determinatiorof a suitablenumber of electrodes amathode electrodglacement

are essential to generate natural hand and mosbns(Lawrence, 2009)
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To avoid muscléwitches and to achieve functionabntinuous muscle contraction
pulse rate should st above®0 Hz(Popovicet al., 2001)

Thestrengthof muscle contraction can be controlled by current amplitude and pulse
width (Sabut et al., 2011; Thrasher et al., 2008)

Asymmetric bphasic waveforms are more effectifig@ musclecontraction and
induce less muscle fatiguethan symmetrical stimulatioiKeller et al., 2005;
Lawrence, 2009; Ragnarsson, 20Q08)

Ramp time is also an importafinction that could improvéhe useb somfort
(Baker et al., 1993)

The size and shape of the electrode padsadfsot musclecontraction and larg
electrode pads argenerallypreferredfor redueng muscle pain andliscomfort

(Patterson & Lockwood, 1991)
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2.2. Review onFES Systemsfor SMR-basedBClI

In this section,the FESsystems used in SMBased BCktudieswere systematically
reviewedn orderto determine the scope of application of the important features defined in the
previous survey needed to build a customized FES sydtethe literature review, FES
electrode placement and parametesed in previous research studies were summarized.

Afterward, thelimitations of currenstudiesnvereoutlined.

2.2.1. Systematic ReviewProcedure

For the systematical review, the Preferred Reporting Items for Systematic reviews and
MetaAnalyses (PRISMA) method was appli€dberati et al., 2009; Moher et al., 2015;
Moher, Liberati, Tetzlaff, Altman, & Grp, 2009).iberati et al (2009) defined the aim of
PRISMAasit o hel p ensure the clarity and transp
and recent data indicate t hat(p w8/)Whemwngorti ng
the PRISMA method the dligibility criteria included journal articlesvritten in Englishfrom
2003 to Februarg016, asthe firstpeerreviewedournal article related tBCl-controlledFES
systens did not appear until 200@furtscheller et al., 2003Jhe ®arch enginessed in this
reviewwereWeb of ScienceRubMedandEngineering Vilage becaus¢hese search engines
coverboth engineering anaedicalpublications(PowersBieliaieva, Wu, & Nam, 2015 he
keywadsused in thesearch engines weescombinationof eitherfibrain computeinterface
or fibrain maching nt e r f aitbeefifuncgonatblectricalst i mu | @r fineucomuscular

electricalst i mu | After seanchingfor keywords 94, 51, and42 articles weresearched by
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each search engineespectivelyand 97 articleswereleft after removingduplicatearticles
Afterward theremainng articles were screened out based on the titles and abstracts related to
BCl-controlled FESsystemsonly. Prescreene8i3 articles were checkefr eligibility based

on full-text screening with some exclusion critegach aq1) articles for nofournal, book
chapter, or review paperR) experimergfor non-human primateg3) invasive brain imaging
method and implanted electrical stimulatisgstens; (4) articles for neuroscience stadthat

did not focus onmotor function restoratignand (5) studies not related to hand and wrist
control.After eligibility screeningpnly 18 studiesemainedor thereview of the FES systems.

Figure2.8 showsthescreening proceduresd results

Identification Web of Science PubMed Engineering Village
n =94 n=>51 n=42

Records after duplicates removed (n=97)

Screening

Screening based on title and abstract (n=53)

Eligibility Eligibility based on full-text articles (n=18)

Figure 2.8. PRISMA flow diagram for FES systems used iBCI studies

2.2.2. FES Systensin Current Research

To determine the extent of application of critical features that should be applied when
building a customized FES system, the FES systems used in 18 selected papers were analyzed.
As aresult, 9 different FES systems weiscoveredthreeof whichdid not supporteattime

computercontrol and were customized to mdbe authors' specific researahjectives Of
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theothersix FES systems, RehaStim and Compex Motion were not commercially available in
the United State in 2016, and MEROOwas discontinued by the manufacturdniversal
External Control Unit and MOTIONTIM 8 were also not readily available in the US market,
while the design odNESS H200wvasnot suitable for this study.

The numbeiof electrode channgkupported bytheseFES units are between 2 to 8
channelsexceptfor Universal External Control Unitvhich supportsip to 32 channel$ulse
rateof these deviceareup to150Hz, but mostan covefrom 1 to 99Hz. The range of pulse
width is bet we e nforlCOmpaxnvibtiorbwhibh sepporteex cte@t 1 6, 000
andthe rangeof current amplitude is up to 150 mAable 2.5summarizes the names and

parameters of each FES system used in these studies.
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Table 2.5. FES systems used in the previous studies

# of Pulse Pulse Current
FES System Rate Width Amplitude UsedResearclstudies
Channels
(Hz2) (es) (mA)
Universal External
Control Unit 32 1~80 ~ 255 0~60 (Dalyetal., 2009)

: _ _ N (Elnady et al., 2015; Reynolds, Osuagwu, &
RehaStim 8 1=140 20 =500 0~130 Vuckovic, 2015; Vuckovic, Wallace, & Allan, 2015
Compex Motion 4 1~100 75 ~ 16,000 0~125 (McGie etal., 2015; Tan et al., 2011)

MEB-2200 2 - - - (Mukaino et al., 2014)
(Pfurtscheller etal., 2003, 2005R0hm, MullerPutz,
MOTIONSTIM 8 8 1~99 10 ~ 500 0~125 Kreilinger, von Ascheberg, & Rupp, 2010; Rohm €
al., 2013)
NESS H200 5 18 or 36 10 ~ 500 0~ 150 (Roset, Gant, Prasad, & Sanchez, 2014)
Microstim 2 1~99 ~ 250 1~99  (Kim, Kim, & Lee, 2016)
(customized)
EMPI 300PV .
(customized) 2 1~99 10 ~ 500 0~100 (Looned, Webb, Xiao, & Menon, 2014)
LG-7500 2 1~150 30 ~ 260 0~90 (Young etal., 2014, 2015)

(customized)
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2.2.3. FES Electrode Placementand Parametersin Current Research

In this section, FE8lectrodegplacementaindparametersised inpreviousstudieswere
reviewed. FES electrodes should be placed on the correct position according to the target
motions in order to avoid unnatural and uncomfortable mover{iesgence, 2009; Lyons et
al., 2004) Therefore precise electrode placemdstimportant for generating natural hand
wrist motiors. However, the proper eleotte positions depend on target hand motions as
mentioned in sectio?.1.3 Furthermore, appropriate electrode placement also Viaoes
person to person due to anatomical differences in length and mass of the f@eadon,
Churchill, Clauser, Bradtmiller, & McConville, 1989)espite of the importancegwo of 18
articlesdid not mention informatiomboutelectrode placement, and the otlagticles also
ambiguouslydescribed the name of muscle withoeterring the exadbcationas shown in
Table2.6 whi ch s umma rcommenss framhthee literaturehreviews For example,
Young, et al.(2014 mentioned that a pair of electrodes were placed on the extensor carpi
radialis longus/brevis and on the portion of the extensor digitorum to generate the extension of
wrist and fingers. The green circlgisown inFigure2.9 indicate the estimatddcaionsfrom
what the authorsmentioned but theareaof locations are todarge to specify the exact

positions.
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Table 2.6. Comments for electrode placement in the previous studies

Article Electrode Placement

(Daly et al., 2009) Placed over'the |nd|_C|s proprius muscle and the portion of the extensor digitorum commu
muscle serving the index finger

(Elnady et al., 2015) Attached to the sbke affected extensor digitorum

One electrode was placedgimally over the forearm below the elbow, and the other was

(Tan etal., 2011) placed distally on the forearm (positioned for optimally balanced joint movement).

(Kim et al., 2016) FES was triggered and stimulated wrist extensor muscles of the affected upper extremity

FES is triggered and delivered to patie

(Liuetal., 2014) movement of their hands or arms

Hand opening was achieved by placing two electrodes on the distal and proximal ends o

(Looned et al., 2014) extensor digitorum muscles of the forearm [35].

Stimulate the following muscles: flexor carpi radialis, flexor digitorum superficialis, and fle

(McGie et al., 2015) digitorum profundus (FCR/FDS/FDP), abductor pollicis brevis/ flexor pollicis brevis
(APB/FPB/OP), and extensor digitorum (forist/finger extension).
(Mukaino et al., 2014) Placed over the muscle belly of the extensor digitorum communis (EDC) on the paralyse

The finger (M. ext. digitorum communis EDC) and thumb (M. ext. pollicis longus EPL)
extensors for hand opening, the finger flexors fiBk. digitorum superficialis FDS, M. flex.

(Pfurtscheller et al., 2003) digitorum profundus) hand closing, the thumb flexor (M. flex. pollicis longus FPL) for gras
and the wrist extensors (M. ext. carpi radialis longus/brevis ECRL/ECRB) for stabilizatior
the hand.

An opening of the hand (phases 1 and 4, Figure Extgnsion of all fingers joints and the
thumb could be achieved by stimulation of the finger extensors (M. extensor digitorum
communis) and the thumb extensor muscle (M. extensor pollicis longus) with electrodes
(Pfurtscheller et al., 2005) radial side of the proximal forearrRor the actual grasping (phase 2, Figure 1), we
simultaneously stimulated the finger flexors (M. flexor digitorum superficialis, less the M.
flexor digitorum profundus) by one pair of electrodes on the ulnar side of the proximal for
and the intrinsic &and muscles with two further electrodes on the dorsal side of the hand. -

(Reynolds et al., 2015) Placed on the right hand extensor muscles
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(Rohm et al., 2010)

(Rohm ¢ al., 2013)

The finger extensors (extensor digitorum communis; electrode pair (EP) 1 in Fig. 1A), the
finger flexors (flexor digitorum superficialis, flexor digitorum profundus; EP 2 in Fig. 1B) ¢
the thumb extensor (extensor pollicis longus; EPRidgn 1A) and flexor (flexor pollicis
longus; EP 4 in Fig. 1B) of the right hand were stimulated via four separate pairs of surfa
electrodes.

(Roset et al., 2014)

Extensor muscles (extensor digitorum communis and extensor polaiis)

(Vuckovic et al., 2015)

The wrist extensor muscles (extensor carpi radialis longus).

(Tam et al., 2011)

Extensor carpi radialis

(Young et al., 2014)

Extensor carpi radialus brevis and extensor digitorum muscles

(Young et al., 2015)

Placed over the indicis proprius muscle and the portion of the extensor digitorum commu
muscle serving the index finger
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Posteriorview

Extensor carpi
radialis longus

Anconeus

Extensor carpi
radialis brevis

Extensor carpi ulnaris
Extensordigitiminimi

Extensor digitorum

Extensor retinaculum

Figure 2.9. Superficial muscles in the posterior forearm.

Green circles indicate the positiongo place cathodeelectrodes for wrist and finger extension.
(Retrieved from Gray's Anatomy for Students. 2nd Ed. p. 1055, Fig. 7.88)

In addition,there were only two studies mentionithg size and shape of the electrode
pads used, and only five of thegpecifiedthe number of electrodes utilized. Although
Forrester and Petrofski2004) disputedthe effects ofelectrode pad size and shape on the
tolerance of electrical stimulatiosufficientstudies support the size and shape of electrodes
asimportant factorsdr motor functionalityand usecomfort(Alon, 1985 Lyons et al., 2004;

Patterson & Lockwood, 1991)
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As mentioneckarlier, FES paranters are also important factors, gndse rate, current
amplitude, and pulse width are the most important to achieve the proper motor function. Most
studiesuseda fixed pulse rate but varied between 16 Hz and 83.3THe. pulse width was
also different in each study, and bilt onestudy(McGie et al., 2015adopted a Ked pulse
width between 103 00 ¢ s . Current a mp bei sufficidné forwvmaissle u s u a |
contractionbut not uncomfortable. Vuckovic et §2015)clearlystated the use sdmp time
to reduce muscle fatigue, bubt other research studie3able 2.7 summarizesdetailed
informationon the parameters utilized, withe exception ofthree studieshatdid not report

informationon FES parameters
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Table 2.7. FES parametesin the previous studies

Article Pulse Rate (Hz) Pul se Wi dt Current Amplitude
(Daly et al., 2009) 83.3 255 Comforteble amplitude
(Elnady et al., 2015) 35 150 Comfortable amplitude
(Tan et al., 2011) 25 250 Comfortable amplitude
(Kim et al., 2016) 60 150 20 ~ 27 mA
(Liu et al., 2014) 60 150 25 mA
(Looned et al., 2014) 25 200 Comfortable amplitude
(McGie et al., 2015) 40 0 to 250 Comfortable amplitude
(Mukaino et al., 2014) 20 100 15~20 mA
(Pfurtscheller et al., 2003) 16 300 -
(Pfurtschelleret al., 2005) 18 - -
(Reynolds et al., 2015) 30 200 10~ 17 mA
(Rohm et al., 2010) - - -
(Rohm et al., 2013) 16 - -
(Roset et al., 2004 35 300 Ampégﬂfrzi‘t’igahf {f‘;";"ma'
(Vuckovic et al., 2015) 30 300 15 mA
(Tam et al., 2011) 40 300 50 ~ 80 mA

(Young et al., 2014)
(Young et al., 2015)
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2.2.4. Limitations of Current Research

From thesystematic literature review of the FES systems for SM&ed BClthree
main issues have been identifi;d aredescribedelow.

Firstly, most FES units used in the previous research vetiteer not commercially
(readily) availablan the United Statesor did notsupportreattime computeicontrol Also,
some functionssuch asramptime (Doucet et al.2012) were not clearly specified in the
articles and specificatiorshees provided by manufacturs.

Secondly, most of the surveyed research studieb not precisely define thexact
electrodepositionsbut vaguely described the nametbé muscles whereFESelectrodes were
placed Furthermoretherewasnot clearguidanceto helpidentify the propeelectroddocation
with respect tanthropometriclatg such aghelength and mass dbrearm which variesfor
each individual

Thirdly, there were dew studies that considered the HF/E perspective by applying
userspecific pulse rate and pulse widtto increase user satisfactiobut other studies
arbitrarily selected fixed parameters. Therefore, the range of parameters was very wide. In
addition,only afew studies applied propeamptime for current amplitude and pulse r&te

achievenatural hand andrist movemergwith minimummusclepain anddiscomfort
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The summary of limitations and findings in current research stigigssfollows

A FES units with reatime control arenot readilyavailable inthe United States
Therefore, &ustomizedES platform is required.

A A proposed FES platform shousdipporta sufficient number oFES electrode
channelgup to 8)and a wide range of FES paraems

A Most of the studies did not precisely defthe exact electrodecation Therewere
no proceduresto help identify the proper electrode position with respect to
anthropometric data

A There were only a few studies tlwansideredFES parametesetting procedurtor
userspecific pulse rate and pulse widthimprove user satisfaction by minimizing

perceived muscle pain and discomfort
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2.3. Review onSMR-basedBClsfor FES

The objectives of this review were; (1) to analyze current FES systems,imgclud
electrode placement and parameters, controlled by-8&ed BCls; (2) to investigate current
MI training procedures and guideling8) to select an EE®hannel montage used to decode
Ml features (4) to define brain features evoked by ;Mb) to idenify proper signal
preprocessing methods to extract distinct brain features in terms of temporal and spatial
filtering, and(6) to analyze current classification algorithms used for Ml decoding. After the
literature review, limitations of current researcérevoutlined.

In this setion, 18 articles selected ine&ion 2.2.1 were reused to revig@nrevious
research studiesom SMR-based BCI perspectivascluding EEG electrode placeme)
training procedures, SMRignal features, feature extraction methods, and classification
algorithms. However, thstudiesselected irthe previousection were limited t8CI studies
usingFESsystems and did not fully cover studies on Sh#ged BCIsTo address this issue,
anothersystenatic review was conductedhis systematic review identified current stafe

the-art technologieand summarized thamitations of current research studies.

2.3.1. SystematicReviewProcedure

For the systematiceview, the PRISMA method was applieth the sane way asn
Section2.2.1 Eligibility criteria included journateviewarticles written in Englisfrom 2012
to 19 June2016 Search engines used in this review included Web of Science, PubMed, and

Engineering Village as in the previous reviewKeywords for the search engines were
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combi nati onbs aiof o mphetre rifiain machenei f nat ceer gimatarre 0 i
imagery  @ansorimotod, are o i BARer keyword searchindg35, 20, and24 articles
were found from each search engine, respectively, 4vitarticles left after duplicates were
removedTheremairing articles werghenscreened out based on the titles and abstracts related
to SMR-basedBCl studies.

Prescreened articles were cked for eligibility based on fullext screening with some
inclusioncriterig such aq1) reviewarticlesfor SMR-based BCktudies and2) using EEG
brain imaging technologyAfter eligibility screening26 studiesncluding 18 studies from the
previousreview were selected foa review of SMR-basedBCI. Figure2.10shows thesteps

andresultsof screening.

Web of Science PubMed Engineering Village
n=35 n=20 n=24

Identification

Records after duplicates removed (n=47)

Screening
Screening based on title and abstract (n=16)
Eligibility Eligibility based on full-text articles (n=8)
8 eligible studies 18 stuFi|esfrorT1 the
previous review
Included
26 eligible studies

Figure 2.10. PRISMA flow diagram for SMR-basedBCI studies
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2.3.2. Ml Instruction and Tasksin Current Research

A Ml task is a mental imagination that does not involve physical movements or
physiological feedbac{Ang, GuanAng, & Cuntai Guan2015) This makes SMiased BCI
difficult becausg1) experimenters or physical therapists cannot kwbwther the subject or
patient completet¥l tasks in the right way?) it is somewhat difficult to explain to users how
to correctly performMI tasks and(3) it could behard to maintain exactly the sar# tasks
during the experimenflo address these isse&learinstructions areequiredto help both
participants and experimentedaring training However, acording tothe literature review
onlytwo studiegKim et al., 2016; Looned et al., 201grpvided video clips as visuglidance
to help subjects mimiMI tasks, while other researchers verbally explaMédasks.

MI tasks also varied between studies. Some studies had asked participants to imagine
wrist or finger movementfDaly et al., 2009; Tan, Shee, Kong, Guan, & Ang, 20tMhjle
others asked them to imagine waving or reachiegjons(Reynolds et al., 2015; Young et al.,
2015) Moreover, the frequency ®fl tasks varied from study to study. Three studiemady
et al., 2015; Mukaino et al., 2014; Reynolds et al., 2@pp)iedrepetitiveMI tasks but other
studiesapplied ondime Mis or did not clearlymention the frequencyf Ml tasks Table2.8
shows authorsodé6 instructions for MI tasks men
the authors had asked the users to do.

Although not found in the systematic literature revi¢gwere werefew studiesthat
utilized distinct SMR features induced by different rhythmic MBu et al.(2009)examined
the identifiability of four Ml tasks consisting of two MI types (wresttension and rotation)

and two speeds (fast and slow), dhdauthors reported that the speed variable dradter
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classification ability than the MI types. Similarly, Choi et(@016)applied slowcontinuous
MI and fasttransient Ml to classifya 2-classMlI task in a single hand such as grasping or

opening, and the results were promising in terms of classification accuracy.
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Table 2.8. Instruction for Ml tasks in the previous studies

Article Instruction

Nféeattempt
condition
fi

ed finger mov enagnedfingerrmdvemeatlarad xelax o
s
éasked to
S
%

(Daly et al., 2009)

0
(Elnady et al., 2015) perform different repetitcues
u
S

(Tan et al., 2011) fésubject sed hfalnexigo@m/sexngnainadn wmo 8¢ mi
(Kim et al., 2016) Anéwere advi ed to keep focusing on theirtr
" video)
(Liu et al., 2014) ifiéa bold arrow é instructing patients to
(Looned et al., 2014) féasked to imagine the corresponding mot
(McGie et al., 2015) féasked to perform motor i magery pertain
(Mukaino et al., 2014) "éasked timgerapering forBts at maximal voluntary effort." (at 1 Hz frequency)
(Pfurtscheller et al., 2003) iféhe subject i magines a foot movement,6 €«
(Pfurtscheller et al., 2005) il maagti ons of [ eft versus r i ght -fobtanatar imageres
" versus relaxing or hand movement i magina
(Reynolds et al., 2015) Aféinstructed t o iimmghghamdavithwa &raguency of abbut hS Hiz ds sool
y " they saw the execution cue. 0
(Rohm et al., 2010) -
(Rohm et al., 2013) -
(Roset et al., 2014) fiei nstructed etrh eo ppeenr soorn ctloo seei thhi s hand. 0
. iéi nstruct ed hetioc mgioe imdgery ofractiitiea peigotmed mentally with their |
(Vuckovic etal., 2015) or right handd (according to the cue)
(Tam et al., 2011) Aféinstructed to perform motor i magery of
(Young et al., 2014) fétaught to usenastempeadhmbaerdt to contr
(Young et al., 2015) Aféinstructed to use attempared tnovdrmewmd st f
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In terms of imagination taskspme researchers applied two different conditions, rest
and MI, todetectingthe presence of SMR, and the user could control a device to initiate or
stopthe operatiory classifyingbrain signalsin contrast, other researchersized two Ml s,
one hand Mhandthe other hand (or fooNll, to classifythedirectionalSMR. In this case, the
most common ciegthat represented thmaginationtasks found in the literature regivwere
arrows according to target directisr{Liu et al., 2014) However, in these two cases, it was
impossible or unnatural to implement hand opening or closing opetationgh the FES
system by classifying SMRAs shown inTable2.9, there was only one study that investigated
different MI tasks within the same boggrt, such asnaginingopening and closinig a single
hand(Roset et al., 2014)

In addition therewasno research that utilized tH&MR featureas a criterion to stop
FESwith the voluntary intention of the usérhis is because FE&iven passivenovement
evoked SMRs are similar to voluntavil-evoked SMRs, and are therefore difficult to classify
under electrical stimulation artifac(®&ng et al., 2013; Mduller et al., 20Q3Pue to this
phenomenon, most SMBased BCI systems for controlling FES have appdigtchronaos
methods, also known as chased, or adddother stimulus modalities, such as visoiaiactile
stimulation, as stop trigge(Pfurtscheller, Soli&scalante, Ortner, Linortner, & Mullétutz,

2010b)
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Table 2.9. MI Classes, aalyzedband, and feature extraction nethods

Article

MI Classes

Feature Extraction

ClassificationMethods

(Daly et al, 2009)
(Elnady et al., 2015)
(Tan et al., 2011)

(Kim et al., 2016)
(Liu et al., 2014)

(Looned et al., 2014)

(McGie et al., 2015)
(Mukaino et al., 2014)

(Pfurtscheller et al., 2003)

(Pfurtscheller et al., 2005)
(Reynolds et al., 2015)
(Rohm et al 2010)

(Rohm et al., 2013)

(Roset et al., 2014)
(Vuckovic et al., 2015)
(Tam et al., 2011)

(Younget al., 2014)

(Younget al., 2015)

Attempted Movement vs.
Attempted Relaxation

MI vs. Rest
MI vs. Rest

MI or Action Observation vs.
Rest

Left Ml vs. Right Ml

MI vs. Rest or Jaw Clench vs.

Rest
MI vs. Rest

Foot Ml vs. Right Hand Ml

Both Foot Ml vs. Right Hand M
Left Hand Ml vs. Right Hand Ml

Feet Ml vs. Hands Ml
Foot Ml vs. Right Hand Mi

Hand Open MI vs. Hand Close

MI

Left Hand Ml vs. Right Hand Ml

Left Hand Ml vs. Right Hand Ml

Attempted Movements (Right
vs. Left) vs. Rest

Left Hand Ml vs. Right Hand Ml

vs. Rest

3 Hz bins from 0 to 30 Hz
CSP for each eleaide

Bandlimited multiple Fourielinear combiner with

1 Hz bin

12 ~ 15 Hz (SMR), 16 ~ 20Hz (mitkta)

FastICA, Tenscebased nearest feature line

distance

7 ~ 13 Hz (mu) and 13 ~ 30 Hz (beta)

10 ~12Hzand 13 ~ 15 Hz

Select significant band byptercentile bootstrap

Select the most reactive bapdwer features

PSD from FFT with 1Hz bin

delta, theta, mu/alpha, betal (12 ~ 16), beta2 (1

24), PSD
CSP

Determine channels with the largestquared

values, ERD

8 ~ 14 Hz (mu) and 18 ~ 26 Hz (beta)

Time-averaged power, R
square

LDA, 10X10 CV

Compare merhythm

(SMR + Middle Beta)/Theta,
Threshold

SVM

LDA

No clear

fLDA

Threshold
LDA

LDA

Normalized PSD &cores &
Actor-critic Reinforcement
Learning Algorithm

Threshold

fLDA, Adaptive (Last 6
trials)
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2.3.3. Signal Processingor SMR-based BCk

The signal processing procedume SMR-based BCI systershown inFigure 2.11
consists ofive consecutive steps such as signal acquisitiomrpoessing, feature extraction
& selection, classificatigrand application controln this sectionthe state of the art in each

signal processingtage was summarizém the literature review.

/ Feature extraction \

7N

Preprocessing B c I Classification

Signal acquisition FES control

Figure 2.11. Flow diagram for signal processing

2.3.3.1. Signal Acquisition

To measurédrain signals related t8MRs properplacemenbf the EEG electrodes
essential.Most of the reviewed research studies measured the motor cortex area, but the
specific location and number of electrodes used varied between stddieselectrodeare

required for higherspatial resolution(Ferree, Clay, & Tucker, 2001put requirelonger
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computationitme andchigher complexityor signal processinf/Nang, Miao, & Blohm, 2012)
Furthermore,fom an HF/E perspectivethe use of many electrectchannels could reduce user
satisfaction by increasing the sgi time and the conductive gel applied to the sailgkler

et al., 2011)Figure2.12 showsthe layout of EEG electrodes used in 18 stuthesclearly
identified electrodepositiors in the literature reviewThe numbers in the circles show the
number of research studies used in that location, and the yellow circles indicate the positions
used in more than two studies. As can be seBigure 2.12b), most oftheyellow circles are

symmetricallydistributed neathe motorcortices C3 and C4.

k
@ﬁﬁ&ﬁ \
@ (m (m) @Aw -
& rs Fa(F1 ;:lz\){r )—(F")'(FGHF8
P“ X \L}‘
ch)_(;(g r| SYCSESRE

Figure 2.12. EEG electrode montage

(a) Modified 10-10 system, (b) the counting of electrodes position: Circles colored as yellav indicate the
positionswere utilized in more than two research studies
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2.3.3.2. Signal Preprocessing

Once the brain signas recorded, it isimportantto filter out noise, artifas, and
irrelevant brain signal® extract only SMRelated featureshe EEG signal mustherefore
be inspected for unexpected contamination due to electrode(ltvét noisg, or motion
artifacts. Thereafter, the contaminatadls should be removetiroughsignal preprocessing
procedures for further processi@neof thecommon techniqgueas to usestatistical methods
with rejection thresholdéDelorme, M&eig, & Sejrowski, 2001;Delorme & Makeig, 2004;
Nolan, Whelan, & Reilly, 2010)

In addition, various spatial filtering methods to enhance the brain signal by increasing
the signailto-noise ratio are widely used, such as bipolar derivation, common average reference
and surface Laplacian estimation technigi@soi, Bond, Krusienski, & Nam, 2015; Hamedi,
Salleh, & Noor, 2016; Pfurtscheller & Neuper, 2Q0Ajnong them,the surfaceLaplacian
estimationhas been applied to many SMifased BCI studies that camhance spatidEG
traceby filtering the common spatial noisenong nearesteighbor or nexhearest electrodes
(Bashashati, FatourechW/ard, & Birch, 2007; McFarland, McCane, David, & Wolpaw, 1997;
Pfurtscheller & Neuper, 1997; Wolpaw et al., 2002he equation ofsurfaceLaplacian
estimation is showm Equation2.1, where \{; is i-th electrodesignal and ¢ is the distance
betwea electrodes andj, S() is theset of adjacent electrode naah electrodesuch as
anterior, posterior, leftand rightlateral, andw;; is the weight parameters which sst in
inverse proportion to the distance from tké electrode(McFarland et al., 2000; Schalk &

Mellinger, 2010)
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Equation 2.1. Surface Laplacian estimation

1
VLaP|aCia'( ) :V(i) -j%(i)wyj \{J) wherew, =—di’j 1
| a ies(i) d,

Independent Component Analysis (ICA) is also a useful technigueemovng
artifacts such as eyainking and muscle activitiesThe aim of ICA is to identify the best
estimate of the separation matmith the assumptiorthe target signal and artifscare
mutually independentHyvarinen & Oja, 200Q)ICA has the advantage of nalying on a
priori knowledge or hypothesis, bitilso has disadvantagéhat itrequiresa lot of @lculation
time to analyze higdimensionalchannel)data.

To address this issu@rincipal ComponeniAnalysis (PCAXxouldbe utilized, which is
also called decomposition of the covariance matAA is a statistical procedure that
transforns correlated variables into linearly uncorrelated variablescandeduce brain signal
with high dimensions (channelsito lower dimersions whilemaintainingimportantfeatures
(Kayser & Tanke, 2003; Lee & Choi, 2003; Shlens, 2003hce the dimension of the EEG
data is reduced through the PCA process, the reduced dimensional signal is decomposed into

maximally independent components through the ICA.

2.3.3.3. Feature Extraction and Selection

One ofthe major feature extraction methoftsr the SMRbased BCI researdls to
utilize Eventrelated Desynchronization and Synchronization (ERD/ERS), which analyzes the

alpha and betdrequencybands(Pfurtscheller& Neuper, 2006;Young et al., 2015) To
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compute ERD/RS, te recordedEEG signal is divided int8MR and reference peristhased
on predefined timing, such ake point at whichMI tasks started then ech period is
transformed from tim@&lomain data tdrequencydomaindataby Fast Fourier Transform
(FFT) (Roset et al., 2014 nfterward the relative band power betweanreference period and
an Ml period of each frequency barmsl calculated byEquation2.2, where M isthe FFT

transformed absolute powef the Ml period, and R is that ofhereference periad

Equation 2.2. ERD/ERS

(M-R)
R

ERD/ ERS (%) = *100

Although the range of each frequency band has a iangacton ERDERSfeatures
the alpha and beta bands usedrvious studies varied from study to stagyshown imable
2.9. The research studies using two bands in theatitiee review used a subset e15 Hz for
thealpha band while a subset of-38 Hz for the beta band. In contrd3gly and colleagues
(2009) utilized 10 bins divided by 3 Hz intervals of EEG data betwe&® (Hz rather than
dividing the two bandsReynolds et al(2015)and Rohm et al2013)employed very wide
frequency bandsuch as %0 Hz and 0.8.00 Hz respectively, anthenselected significant
frequencybands by statistical method®furtscheller and Lopgd999)suggestec guideline
to determine theroperrange of ERD/ERS bander each subjecsuch asccomparison of
shorttime power specttaandé d et er mi nati on of frelpweak cy
frequencyd The formermethod should plot shetime power spectra value to find the user
specific frequency band, while the latter joatculats the ERD for each frequensybband

to avoid interindividual differences
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The otherwell-known feature extraction method used in the previous studies
Common Spatial Pattern (CSHhe CSPmethodtransforms multichanndtEG datainto a
subspace using\ariance matrixhatcan maximizeliscrimination betweetwo classes (C1
and C2)(Golub, Chase, Batista, & Yu, 2018@herefore, the use of CSP as a spatial filter can
increase the subsequent classification accur@digolasAlonso & GomezGil, 2012;
Pfurtscheller, Linortner, Winkler, Korisek, & Mulldtutz, 2009)The normalized covariance
matrixin CSP can be calculategshown inEquation2.3, where trace(¥xXcx') is the sum of

diagonal elements of %Xcx' (NicolasAlonso & GomezGil, 2012)

Equation 2.3. The normalized covariance matrixin CSP
o o 0] 0] (0]
01 V@D 01 @D

Afterward, hecomposite spatialovariance, Cand CSP projection matrix, W, can be
calculated as shown EBquation2.4, where U is a matrix of normalized eigenvectpassn d &
eigenvaluesThe projection matrix W then transfosrmulti-channel EEG signals into CSP
features that can heto discriminate vague spatial information evoked by(Mhady et al.,

2015; Tam et al., 2011)

Equation 2.4. Composite spatial covariance, C, and CSP projection matrix, W.

6 6 6 Y_Y wW=UMm"y.
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Although the CSP method has shown promising results to analyze $Mfres
performance of CSRasgreatly influenced by which frequency bands were selesitailar
to the ERD/ERS methodAng, Chin, Zhang, & Guan, 2008; Novi, Guan, Dat, & Xue, 2007)
One exhaustive approach is to find the optimal frequency band for each subject after examining
all possible frequency bands, but this meitiheay require a lot of time and effdd identify
userspecific frequency band3o address this issue, Novi et €007)proposed Sulband
CSP (SBCSPhatfirst decomposes the EESB)nal into multiple sub frequency bands, extracts
CSP features from each sbbnd, and then makes a decision baseti@efused classification
scores obtained using the shdnd features. The advantages of SBCSP arattdaes not
require exhaustive band selection procedure, as well as allows to use multiple frequency bands

at the same tim@lanchard & Blankertz, 2004; Novi et al., 2007)

2.3.3.4. Classification Algorithms

One ofthe easiest and simplest apprazsib decodhg classes from extracted features
is the threshold detection meth@m et al., 2016Pfurtschelleret al., 2005; Vuckovic et al.,
2015) The hresholddetection algorithnidletects signalthat exceed predefinedvalue, such
asEEGpotentials, FFT valug and ERD/ERS valgeOne of the most widely used algorithms
used in Mlarethe Linear Discriminant Analysis (LDAg@lgorithmsincludingFi s her 6 s L DA
stepwise LDA, and shrinkage LD£Choi, Bond, Krusienski, & Nam, 2016; Elnady et al.,
2015; Looned et al., 2014; Muller et al., 2003; Tam et all,L QDA set a hyperplanghat
maximizes theseparability betweenclassesand minimizes the variancavithin clases,

assuming that the training data follows multivariate normal distributions with equal covariance
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matriceqLotte et al., 2007)orexampleF i s her 6 s L Dwo claseswithdEhuators i f vy
2.5 where N indicates theumber of training sampleéx) belongs to each clagS: and G),
my and m are classneansThe slope of the hyperplane (w) is used to identify the local maxima

of S, and r(w) should be maximized. Therefore, the solution is as below.

Equation 2.5. Fisher's LDA

1 1
m, = — X.. m, = — X;
: "?Vl 1\;] : LA ";: [

£

Class means

~ 1 T T ~
m=—> wx=wm, iy=

&

V1 xeq e

Projected class means

i, — i, = w' (m, —m,)

Difference between projected class means

(o, —m)* W S,w 5, =5+85,
= = . where

JW) =—— Ta w T
5485 WS W S, =(m, —m)(m, —m,)

Ratio of difference of projected means over total scatter

w* =S"(m, —m,)

The optimal projection matrix

Support Vector MachingSVM) is one of the most popular classifiesed in Ml SVM
utilizes themaximum margin linear classifiavhichis the widthof the boundargtrip between
classesto minimize the error rate. Therefore, S\¥/Fobusto overfiltering andless sensitive

to highdimensionality compared tdDA. If a training dataset with two classes is definethas
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Equation2.6 (1), then thedata points on each margirfaundary X and X satisfyEquation

2.6 (2). The margin width, M, can be calculated wifuation2.6 (3). Equation2.6 (4) can

maximize M

Equation 2.6. SVM

Fory = 4, w'x b P
. Fory = L w'x b @

w'x"+b 4
@ W'x +b =1
M=(x" x) nO
®) =" Xx) —\5 2

[l fwl

Lo 2 o 1, 2
@) Mmaximize M[ minimize §||W||

The quadratic programming with linear constraints as shovigiration2.6 (5) can
be solvedasEquation2.6 (6) by the Lagrangan dual problem.

(5) minimize L, (v b a, ):%||w||2 -a a(yi Ww'x b) J) st.a20

i=1

6 gx)=w'x b Hax'x b

il sv

However, due to the nature of EEG signal s
signal and outlierd O hi gh d jodnrestagionarityta | armd 6 s mal (Lottet r ai ni

et al., 2007)Due to hese issug we canot guarantee théte classifier will elicigood results
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most of the timgPolikar, 2006; Sun, Zhang, & Zhang, 200@ne approach to addretss

issue is ensemble methods in which the outputs of the multiple classifiers are combined to
make a single decision that could improve performance of each clagBididcar, 2006)

Poli kar defined two key c oRrptoarsteatedys neededtan e n s
build an ensemble that is as diverse as possible. Some of the more popular ones, such as
bagging, boost i naond stratkgy Bsoneesldd ,to cémbire the eutputs of
individual classifiers that make up the ensemble in such a way that the correct decisions are
amplified, and incorrect ones@rcancelled out (Polikar, 2006p.27). In this study, the second
strategy is adopted by combining the class outputs of both LDA and SVM classifiers to
improve classification auracy and robustness. The author listed three combining methods
which could be applied to this study includiq@) majority voting,(2) weighted majority

voting, and3) behavior knowledge space. Among them, the weighted majority voting method
was select#, because performance and robustness of each feature within the same classifier,
as well as that of each classifieould be varied from subject to subjethe final decision of

the ensemble method with the weighted majority voting by combining therésadf LDA

and SVM can be calculated Eguation2.7.
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Equation 2.7. Ensemble decision with weighted majority voting

T c T
a wd,=maxawd,
t=1 =1 t4

Where,

t =the type of classifiers (1 = LDA, 2 = SVM)

T = the number of classifiers (T = 2)

j = thetype of classe§ € 1to 2

C = the number of class¢€ = 2)

w; = the predefined weight of classifier

d:; = If t classifier chooses clagshen ¢; = 1, and = 0, otherwise

The accuracyp) of eachclassificationmethod including LDA, SVM, and ensemble
methodscan be asssed by the significance of the accuréidgirhomme et al., 2004 The
normal distribution can be used to approximate the binomial distribution, but this
approximation can be valid only if the number of trial (N) is large enough suctOds/ g /

( 1 {Berrar) Bradbury, & Dubitzky, 2006; Brownlee & Brownlee, 1965; Rosner, 201b)
estimatethe binomial lowerbound of the accuracyJeffrey® Beta distributionis usually

utilized (Berrar et al., 2006)and can be calculated Bguation2.8.
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Equation 2.8. True error rate of binomial classification

2(N —2m)zv/0.5 a(l—a)
A~ fa+ —z |
2N (N +3) N+2.5
Where,
& = the true error rate of bi nomi al cl ass

U = the expected accuracy (0.5)

N = the numier of trials

m = the expected number of correct trials
z = zscore based on the standard normal distribution (p.69).05; onesided)

For example, the truehancdevel, the binomial lower bound, can be estimated as
62.7% with 4Qrails, and this lower bound is much higher than the conventional chance level
50% Table2.10shows the true error rate of binomial classificafmmdifferent numbes of
trials, and theseates weraitilized as lower bound® setthetrue chance levdbr

hypotheses in Sectigh4.

Table 2.10. True chance levefor different numbers of trials

# of trials True chance levedPo)
30 64.43
60 60.40
120 57.43
240 55.28
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2.3.4. Limitations of Current Research

From the systematic literatireview five mainlimitations of current SMFbased BCI
studieshave beemdentifiedas follows: () the ambiguous Ml instruction given during training
which not only increases the subjective mental workload but also negatifets SMR
performance due to incorrect or inconsistent MI ta&Rshelack of researcthat investigated
differentMI tasks in thesamelimb, such asmaginingopening and closing in a single hand
(3) the lack of studies utilizingSMR features as a criterioto either stop or keepFES by
voluntary Ml-evoked SMRs and (4) the unclearfrequency bandselection proceduréor
extracting SMR featurebatvaried from study to study

These limitations might impede a wide application of Sh#ged BClcontrolled FES
systems due to (1) long training periods due to ambiguwigiction for Ml tasks; (2) low
classification accuracy of zclassMI task ina singlehand and(3) difficulties in applying

SMR featurego either stop or keep FES.
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2.4. ResearchQuestionsand Hypotheses
2.4.1. Hypothess in Study 1

The main objectives dbtudy 1lwereto identify appropriatd=ES electrode placement
that can generate natural hand and wrist movemandsjserspecificFES parametersvhich
could minimizeperceivedmuscle pairand discomforby developing a FES platforn®nce
proper FES electrodeplacementwas determined a systematic FES parameter setting
procedurevasapplied to identify userspecific FES parametenscluding pulse width, pulse
rate, and current amplitudéfterward, participantsvere asked to answer the degree of
perceived muscle pain and discomfort corresponding to electrical stimulation using various
combinations of parameterand the effects of each comhtion of FES parameters on

perceived muscle pain and discomfedre evaluated

The results of idy 1addressethe following question
A Doesthe application of usespecific FES parametersduceperceivednuscle

pain and discomfomather than that adrbitrarily chosen FES parameters

Thereforethefollowing hypothess wasmade
- H1 Theapplication of theiserspecific FES parametevall significantlydecrease

perceived muscle paand discomforthanthat ofthefixed FES parameters.
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2.4.2. Hypotheses inStudy 2

Study2 addressetbur mainlimitationsof currentresearctstudies asidentifiedin the
literature review(1) unstructured SMR traininguidelines; (2) thelack of studieshatclassify
a 2-classMl taskin a singlehand (3) thelack of studies utilizingyoluntary motor intentions
to stop FESand(4) unclearfrequency bandelection folSMR.

In Study 2 a synchronous, ctiegased BCI experimentasconductedwvith stroke and
TBI patientstraining with differentMI tasks(slow onetime grasp and fast cyclic open)ng
After the experimenthebrain signad wereanalyzedo evaluatehefeasibilitiesof decoding
a2-classMlI taskin a singlehand andutilizing SMR features to stopr keepFES by voluntary
intentions Moreover, hree classification methods including LDA, SVM, and ensemble
methods were evaluated ittentify that the ensemble methedn improve the classification

accuracyby combining two algorithms

The results o6tudy 2addressdthe following questions
A s it feasible to classifp 2classMI task such aggraspingor openingin a single

hand?

>

Is it feasibleto useSMR featuresevoked by voluntarii to stopor keepFES?
A What effect doethe existence of electrical stimulatibaveontaskperformance?
A Will the ensemble algorithms increae classification accurasyhencompared

to eachseparatelassification algorithm?
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Therefore, the following hypotheses were made:

- H2.1Theclassification accuracy tassifya2-classMl taskin a single handvill be
significantlyhigher than the true chance level.

- H2.2 The classification accuracy tiecodingvoluntaryMI-evoked SMR and FES
driven passivenovementevoked SMR will be significantly higher than the true
chance level.

- H2.3 The classification accuraof theensemblenethodwill be significantlyhigher

than that othe LDA and SVMalgorithms.
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2.4.3. Hypotheses in Study 3

Theobjectiveof Study 3wasto evaluate the feasibility ahe proposed BCGtontrolled
FES systenmn online experimentsin this experiment, participants condetsequential tasks
with fixed ordersuch as opening a hand, grasping, holding, and dropaly a

In this experimentthe effects of the existence of electrical stimulation during Ml tasks
(No-FES vs.YesFES) and the application of the adaptive learning method (bkfaneing

vs. afterlearning) on task performance were evaluated.

The results of Study 8ddressdthe following questions.

A s it feasible to use the proposed SM&ed BGlontrolled FES system in an
online experiment?

A Doesthe existence of electrical stimulatiaffecttaskperformance?

A Does the application of adaptive learnaftecttask performance?

Accordingly, the following hypotheses were made:
- H3.1 The classification accuraayill be significantly higherthan the true chance
level.
- H3.2 Task performance between two periods;MESand YesFES periodwill be
significantly different.
- H3.3 Task performancaefter applying adaptive learning will be significangyeater

thanbefore.
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3. STUDY 1: DEVELOPMENT OF AN FESPLATFORM

From the systematic literature review thie FES systemsused in current research
studiesin Section2.2.4 threeimportantissues werélentifiedas follows:(1) FES units used
in previous studiedid notsupportreakttime computecontrolor were not readily available in
the United State$2) FES electrode positions waretclearly definedcand were notonsidered
anthropometriadatg such adorearmlength and massand3) FES parametersvhich are
important to realizethe naturalmovement ofhand and wristwhile minimizing perceived
muscle pain and discomfowere usually sedrbitrarily with fixed parameters.

These limitationsnake it difficult formany researchete apply FES systesto SMR-
based B@s. This is becausd) it is not easyto find or build an FES platform with essential
functions and(2) it requires much effort and experience in finding appropriate FES electrode
placement and parameteFsirthermorethere isalack of research that takes into account the
HF/E perspectivessuch as user satisfactionapplying FES systems

Study 1consists ofwo phaseso addresaboveissuedy: (1) developingacustomized
FES platformusing inexpensive ofthe-shelf Transcuaneous Electrical Nerve Stimulation
(TENS) units; (2) considering anthropometratatato provide adequate initial FES electrode
coordinatesand(3) proposinga systematic parameter determination procedure to enhance user
satisfactionFigure 3.1 illustrates the framework of Studyvlith two phasesThe results of

Study lareused in the following Studiesghd3.
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Study 1

Phase 2
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Development of
FES System
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Real-time Control
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FES Electrode Placement FES Parameter Setting

Procedure for FES
Parameter Setting

Guideline for FES
Electrode Placement

Anthropometric

Information

User Satisfaction
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- ‘ ‘ /

User-specific FES Electrode Placement & Parameters

Figure 3.1. Framework of Study 1 with two phases
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3.1. Phase 1: Development cén FES System

3.1.1. Objectives

Phase Jaims to meetthe requiremenof the FES unitsor SMR-based BCI research
identified in Section2.2 by building acustomizedFES systemwith commercially available
TENS units The proposed FES systemasthe sevenessentialfeatures including (1) the
number of electrodeg?2) pulse rate(3) pulse width(4) current amplitude(5) stimulation
waveform,(6) ramp time, and7) electrode padize and shapé&urthermore, the FES system
in this studycan supportreattime computercontrol to implement physiological feedback

according to the motor intention from the brain signal.

3.1.2. Characteristics of TENS 3000

TENSwas originallydesignedo relieve pairby masking the electrical activity of the
nerves(Doucet et al., 2012; Levin & H«Chan, 1992)Most TENS units are able to control
three parameters of electrical stimulation such as pulse rate, pulse width, and current amplitude
through surface electroded.he TENS unitsupportsa different number of FES electrodes
depending on the product, and it can adjust various parameter range with analog or digital

control systermas shown imable3.1.

72



Table 3.1. Functionalities of selected TENS units

(Retrieved from http://www.tensunits.com/; last accessed 7/3/2016)

Pulse Rate  Pulse Width  cyrrent Amplitude Digital or

Name Channel (H2) (es) (MA) Analog

The Omega Tens 2 1~150 50 ~400 0~100 Digital
TU-7000 2 2~150 30 ~ 260 0~ 100 Digital
PMT-Uneo 2 1~150 50 ~ 300 0~ 100 Digital
INTENSIty 2 1~150 50 ~ 300 0~105 Digital
Twin Stim Plus 4 2~150 50 ~ 300 0-80 Digital
ProM-355 2 20 ~ 160 50 ~ 260 0~80 Digital
TENS-3000 2 2 ~150 30 ~ 260 0~80 Analog

In this study,four TENS 3000units (Current Solutions, LLC, Austin, TX) were
selectedo build the FES systenmasthis modelwascommercially available at Amazon.com
(Amazon.com, Inc., Seattle, WA} aninexpensive price (less than $30 per uaitjhe time
of this study (2016)As shown inFigure3.2, the TENS 3000 has four analog knobs, each of
which has the following functions: Two knobs:s
control of two elet r i c a | stimulation channel s, A30 an
control, respectivelyThe TENS3000 controls the stimulation parameters by turning these
knobs to adjust analog potentiometevghich can be easilyeplaced witha digital

potentiometer and agxternal control boarfbr reattime control
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Figure 3.2. TENS 3000

Knobs labeledfilo and fi20 are for current amplitude control of channel 1 and 2, respectivelywhile fi30
and fi 4 are for pulse width and pulse rate respectively

Each TENS 3000nit can support two electrical stimulation channels with independent
current amplitude control, artie proposed FES system can easily increase the number of
electrical stimulation channels by synchronizing multipleandemIn addition,aTENS 3000
unit can generatelectrical stimulation with a pulse radé2-150 Hz, current amplitudef O-

80 mA, ad pulse widthof 302 6 0 € s aBigueh3own i n
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Figure 3.3. Parameter rangessupported by the proposed FESystem

(a) Blue dots and line indicate pulse rate and width used in the previous research, aaded box shows
the range of parameters supported by the proposed FES/stem (b) Blue boxesrepresentthe range d
current amplitude used in the previous research, and red box indicatesthat of current amplitude
supported bythe proposed FESsystem

The red box inFigure 3.3 (a) represents the ranges of pulse rate and pulse width
supported by the proposed FE&sEmM and the blue dots indicate the parameters used in the
previous studiesThe proposed system can suppudst of the parametemeviously used
except for pul se wiadshowsSinee fmusoieaordractioh &hieved 6 0
by modulatingthe current amplitude and/or pulse wid{rago et al., 1980; Quandt &
Hummel, 2014) this limited pulsewidth rangecan beovercomeby increasingthe current
amplitude.

The TENS 3000 unitis capable ofgenerang asymmetric biphasic stimulation
waveform As mentionedin Section 2.1.4 many research studies have identifigte
advantage®f asymmetric biphas pulsesin comparison to symmetrical stimulation, which

not only allows more effective muscle control but also leadss® muscle fatigug<eller et
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al., 2005; Lawrence, 2009; Ragnarsson, 2008)e Asymmetric biphasic stimulation

waveform generated by TENS 3000 is showRigure3.4.

RIGOL T°D - F i.641)
v

e

MEEEE 2.0 | Time 208.0us O 15680

Figure 3.4. Asymmetric biphasic stimulation waveformgeneratedby TENS 3000

Since TENS 3000 employs a standard 2 mm diameter leadwiih a pin connector
the proposed FES system is afoleitilize various sizes and shapes of electrode pads identified
in Section 2.1.4. Finallyalthough theTENS 3000itself does not support the ramp time
function of the electrical stimulyghis featurewas implementedavith a gradual increase in

pulse rag¢ or current amplitudeia reattime computecontrol

3.1.3. Modification of TENS 3000

For reattime computercontrolled functionality the analog potentiometers the
TENS 3000 units have been replaced by digital potentiometers and these digital

potentiometes are controlled via an external control bo&mk. current amplitude contrdhe
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existing analog potentiometers were replaced with AD5160 12C digital potentiometers
(Analog Devices, Inc., Norwood, MAyyhich allows thecurrent amplitude of each eteical
stimulation channéb be adjustetetween 880 mA witha resolution o8 1 2 . SSim#da#dy,
a digital potentiometekD5262 (Analog Devices, Inc., Norwood, MA) wased for both pulse
rate and pulse width contrallowing to adjustpulse rate betweenIb60 Hzin 1 Hz steps and
pulse width between3 6 0 € s mwareméntsl € s
These digital potentiometengere then controlled in reéime via Arduino Uno, which
was connected to a personal computer (PC) to set TENS parameters fauERESs pulse
rate, pulse widthand current amplitude, without manual interventidrduinoisha f ami | y o
microcontrollers (tiny computers) and a software creation environment that makes it easy for
you to create programs (called sketches) thatcaneamr act wi t h t (Margoishy si c a
2011, p. xiii)
Figure 3.5 showsthe development process for modifying the TENS unit for the FES
systemFigure3.5 (a) presents TENS 3000 with four anglknobs for each parameter control,
and Figure 3.5 (b) shows digital potentiometers repleg the analog potentiometeend
Arduino Unoenabling reatime computer controbf the digital potentiometergigure3.5 (c)
displaysa prototype of thenodified TENS unit with Arduino Uno and digital potentiometers
on a solderless breadboaFigure3.5 (d) shows thearts orthe breadboardiereassembled

on a custonprintedcircuit board to simplify wiringand increaséherobustness of the system
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Commercial TENS with Arduino Prototype

AD5262

Digital
Potentiometer

(b)
Assembled Unit

Arduino

(d)

Figure 3.5. Development processf the proposed FES units

(a) TENS 3000 with four analog knobs. (b) Three digital potentiometers and Arduino Und@.wo AD5160
partsare for current amplitude control and the AD5262 for both pulse width and rate control.(c) The
prototype of the modified TENS unit with Arduino Uno and digital potentiometers on a solderless
breadboard. (d) The assembled unit onto a customrinted circuit board.

3.1.4. Results

In Phase 1, foumexpensive and ofthe-shelf TENS devicebave been modified to
enablereattime computercontrol as well as to support these essential features by replacing
analog potentiometers with digital potentiometers. Through these modificaliensoposed
FESsystemcan support seven important features in FES operation identifiegttion2.1.4
and is alsacapable of controlling multiple FES electrodesderive natural hand and wrist

movemend by synchronizingfour TENS units in tandem.Through these functiws, the
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proposed FES system meets the essential requirements cb&d4R BCI researchiable3.2
summarizes the functionalities of the proposed FES systenit atsbdemonstratethe role

of each function.

Table 3.2. Functionalities of the proposed FES system

Feature Capability Role
Electrodes Up to 8 channels o stin;]tgg(tjeawglsive:; ?]%S\/C;;Sefﬁt;natur
Pulse Rate 2~ 150 Hz To apply usesspecific parameters
Pulse Width 30 ~ 260 ¢ To apply usespecific parameters
Current Amplitude 0~80mA To apply usespecific parameters

To minimize potential risks such as

Stimulation Waveform Asymmetric biphasic .
muscle fatigue and muscle damage
Ramp Time Supported viaeattime To enhance usert
computer control
Electrode Pad Type Any pads with a standard _ To e_ffect|vely deliver elec_trlcal _
2.0mm connection stimulation to muscles of various size:
Reattime computer control Supported For controlover SMRbased BCls

The proposed FES system is controlled by a PC, and the control mechanism is as
follows. First,anArduino Uno, which allowsealttime computer contraif thereplaced digital
potentiometers, is connected adPC via a USB portAfterward MATLAB (MathWorks,

Natick, MA) initiates a serial connection between the PC and Arduino Undhardduino
Uno waits for incoming commands from the serial port. WAenArduino Uno receives a
controlcommandgenerated bMATLAB to change thestimulation parametershe Arduino

Uno applies parameteod TENS unitsaccording to the incoming commands by adjusting the
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impedance of the digital potentiometers. The TENS unit then generates electrical stimuli
according to the set impedance of the tdigpotentiometer and transmits them through the
FES electrodes to induce muscle contractigure 3.6 shows the control mechanism flow

diagram of the proposed FES system.

Command Command Control TENS Stimulation
Generation Processing Parameters Units Delivery
NN Unit 1 > Cathode
CH 1 Current Electrode
. Anod
oC/ PR Amplitude Ll Unit2 d 2P Eectrode
maTLAB [ Arduine 1 & l od
PW | CH 2 Current ™  Unit3 B el e Efzztz,dee
Amplitude R Anode
™ Unit 4 bk " Electrode

Figure 3.6. Control mechanismflow diagram of the proposed FES system
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3.2. Phase 2: Determination of FES Electrode Placemennd Parameters

3.2.1. Objectives

The objective of Phase areto address the issugkentifiedin 2.2.4including(1) lack
of guidelines to help identify proper electroggacementand(2) lack ofresearchusinguser
specific pulse rate and pulse width to improve user satisfabifominimizing perceived
muscle pain and discomfort

To find appropriate FES electrode placemerdsnhstudies relied on manual palpation
without considering the length and mass of the foredtnmay be inaccurate and time
consuming for researchers or practitioners who are not an expert in muscle anatomyrto find a
adequateposition. To address this issue, the feasibility of using anthropomdata was
investigatedo determine propenitial FES electrode placement without degdiknowledge
of muscle anatomy.

In addition, most othe current research studies used fixed FES parameters for all
participants,although the usespecific FES parameate are importanin orderto minimize
discomfort and tonaximize usesatisfaction(Doucet et al., 2012)lo address this issue,
systematicFES parameter setting procedure was proposed to identifyspeeific FES
parametersncluding pulse rate, pulse width, and current amplituéitterward, subjective
assessments were analyzed to evaluate whether the applicationsgeséc FES parameters
could reduce perceived muscle pain and discomfort compared to using fixed pararheters.

results of Phase 2 wetieenutilized forthefollowing SMR-based BCI studies.
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3.2.2. Participants

A total of 8 stroke patientsi{males an@® females average age 46.0 +.53earg were
recruited from local rehabilitation centensd clinics All studies were reviewed and approved
by the Institutional Review Board of Mb Carolina State University. The participants received
monetary compensation ($15/hour) for participation, and any participants who were displeased
during the studies could cease at any time, but no one had chosen to withdraw the study until
the studiesvere complete.

The number of the participants in this study wiasilarto or higher than that in the 15
reviewed studiegxceptfor two studies in which patients were recruited for the experiments

as shown imable3.3.

Table 3.3. The numbers ofpatients recruited from the previous studies

Studies The number of patients
(Daly et al., 2009) 1
(Elnady et al., 2015) 9
(Tan et al., 2011)
(Kim et al., 2016)

(Liu et al., 2014)
(Mukaino et al., 2014)
(Pfurtscheller et al., 2003)
(Pfurtscheller et al., 2005)
(Rohm et al., 2010)
(Rohm et al., 2013)
(Roset et al., 2014)
(Vuckovic et al., 2015)
(Tam et al., 2011)
(Young et al., 2014)
(Young et al., 2015)
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Although TENS units used in the proposed FES system were approved by the Food
and Drug Administration as a commercial medical device, precautions for the use of electrical
stimulation should still be considered. For examglegtricalpulses from th@ ENSunits may
causeproblems with acardiac pacemakesr implanted drug pumpro avoid any potential
risks, participants were asked to fill out the FES Safety Screening Questionnaire (See
Appendix A) at the time of initial contact, and participants with syonpd listed on the
guestionnaire were excluded prior to the experiment. In addition, patients who suffered from
significant cognitive, perceptual, and communication difficulties were excluded, because
participants should be able to understand instructifoi®w the guidelines, and provide
feedback during the experiment

The nclusion criteria in this studwere (1) suffering from uppetimb hemiparesis,
weakness on one side of the body, the most commpairment after stroke or TBI; (2) the
chronicstate of stroke, theondition of a stroke patiespersisedwithout recurrent stkes for
more than three months) preventthe potential riskof recurrent strokdonly for stroke
patients) and (3) having normal sensitivity to feel pain and discomfam the impaired

forearm.Table3.4 summarizesliemographic and clinical informatiaf participants
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Table 3.4 Demographic and clinical information of participants

ID Age Gender Affected side Symptom (3\?5%:3%8
S01 64 Female Left Stroke 2016/08
S02 20 Male Right TBI 2012/09
S03 52 Female Right Stroke 2014/02
S04 55 Male Left Stroke 2014/04
S05 56 Male Left Stroke 2013/05
S06 50 Male Right Stroke 2013/01
S07 33 Male Right TBI 2011/04
S08 38 Female Right TBI 2013/12

3.2.3. Preparations

When patrticipants arrived at tlséte, they were provideda detailedoverview of the
experimentWhenparticipants agrekto participate in th study,theywere asked tgign an
informed consent form and twompletea demographic questionnairend thé length of
elbowwrist and circumference of thinpairedforearmwere measuredror the consistent
measurement of the anthropomettiata standard measurement description suggested by
Gordon et al. (1989) followed (SégpendixB andC).

FES delivers electrical stimulation torthe skin,which does not cause much damage
to the muscles under the skin because it has a very high electsistdmeeHowever, ifthe
conductivity of the electrode is not constant, then electrical stimulatboid beconcentrate
ata certainocation thatcould cause muscle pain and discomfditherefore, appropriate skin

preparation igssential to maintairogd conductivity between the skin and each electrode, and
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the skin preparatiorprocess has been performed according to Axelgaard's guidelines
(Axelgaard Manufacturing Co., Fallbrook, CBéfore the experimergseeAppendixD). The

total preparation time oluding the queginnaire took about@minutes.

3.2.4. Apparatus

A tape measure was used to measure tbewewrist length and the forearm
circumference For consistent measuremegrnongparticipants, the standard measurement
guideline of anthropometric dasaggested by Gordon et al. (1989) was followtetl.cm grid
printed transparent film was also used to record the coordinates of the eleglagddsn the
forearm. To determine an appropriate FES amplitude to induce sufficient grasping force,
participans were asked thold asmall ball which would be used in the following study under

the SMRbased BCI system.

3.2.5. Procedures

The experimental procedure in Phase 2 consists of two steps: finding appropriate FES
electrode placement and identifying uspecificFES parameter3.o find the propefFES pad
position, an initial electrode position was determinedranual palpation, and then a set of
surface, setadhesive FES electrode gadere attachetb the selected locatiomhe electrical
stimulation using th@redefined FES parameters was then delivered to the impaired forearm
by the FES system and evaluated the movement of the hand and wrist generated by the

stimulus. The predefined parameters were the pulse rate of 35 Hz and the pulse width of 220
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€S, wslthe @verage value from the literature reviend current amplitude increased
gradually until eithessufficient muscle contraction was achieved, or the stimulation was no
longer comfortablelf the selected FES electrode location wasaugquatethenthe electrode
was moved around the initial location and-eealuated.In this study,adequateeclectrode
placementvasdefinedby the coordinateat which FEScould perform the following actions:
(1) openingwide enough to be ready to holgmall ball at leas# inches between thurtlp
and nearedingertip, and(2) grasping with enough strength to lift thall properly.
Onceadequateslectrodeplacement was determingetthe locationof the center of the
FES electrodes wamsarkedon the transparenirh with aprinted Xcm grid TheUlnar Styloid
ProcesyUSP)andRadial Styloid Proces{RSP)were set as reference positionsgosjecting
the FES electrodes attached to the forearm i@tdimensional space, similar to Lawrence
(2009) Theline betweerJSPandRSPwasdefinedas the Xaxis, andhe middle (and thickest
part) of the forearmvas set athe Y-axis.A 2-dimensional spaceonstitutedoy the X and Y

axeson the transparent film printedcin giid is shown inFigure3.7.

LG T B2

Figure 3.7. 2-dimensional space t@ecord adequateelectrode position
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A total of fourpairsof X and Y coordinates were measured and recorligid fwo sets
for grasping andhe other two sets fapening Once theadequatd-ES electrode coordinates
were defined, then the coordinates were normalized with respect to anthropometric data. The
normalizedelectrode coordinates weused to verify the feasibility of using anthropdnee
datato determine proper FES electrode placeméné experiment for determing adequate
FES electrodeplacement lasted aboB0 minutes for four different muscle groyssich as
FingerExtension(FE), FingerFlexion (FF), Wrist Extension(WE), andWrist Flexion (WF).

The second step of Phase 2 was to identify-specific FES parameters through
systematic FES parameter setting procedure. Jtejgexaminednine combinations otwo
parametergpulse rate and pulse width, which are showmable3.5. The combinations were
replicated, and all 18 trials were randomized to avoid potential order e@ectent amplitude
of all combinations were gradually increased until either maximum muscle contraction was

achieved, or the stimulation was no longeméortable.In the table, 35 Hz for pulse rate and

220 €©€s for pulse width were set as reference

review.
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Table 3.5. Combinations of FES parameters
PulseRate Pulse Width
180
30 220
260
180
35 220
260
180
40 220
260

After applying each combinatiomparticipants were asked to asspssceived muscle
pain and discomfort with a modified 1gfoint Visual Analogue Scale (VAS)Forrester &
Petrofsky, P04; Miller et al., 201Q0) To measure the subjective assessment properly, a
computerized VAS software waslilt. In the VAS software, participantgereasked to select
the percei ved Panaadies demfweretnd fitNo [ DMzomjortdtSe v er e

then the marked values were recorded. intexface oflVAS software isshown inFigure3.8.

Perceived Pain and Discomfort(1)

No Very
Pain Severe
I i Pain
and
Discomfort T . and
Discomfort

Figure 3.8. Computerized VAS assessmertterface
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After the systematic FES paramesetting procede, the fivegparameter combinations
with the five lowest VAS scorewere selected as candidat@hen, FES was applied again
using these parameters to determineuserspecificFES parameters which could minimize
perceived muscle paend discomfort, agell as could open wide enough to be ready to hold
a small ball and be strong enough strength to lift the ball propérige theuserspecific
parameters were identified, the proposed procedure was validated by analyzing the VAS scores
between theiserspecificand predefined parameters.

The experimento determire userspecific FES parametetsok about20 minutes
including a total of 36 trials (1®ials for eachmotion, such agyrasping and openingvith the
subjective assessment after eacH.tBairing these trialsparticipants had the opportunity to
ask gquestions and address any concerns they might have under the FES system.

After Study 1, participantsvere asked to complete a pestperiment questionnaire
(SeeAppendixE). Thecompletiontime of Study 1 wa®ne and half hoursncluding time for

prior surveyspreparatios, theexperimenin Phase 2, and the post questionnaire

3.2.6. Independentand DependentVariables

Two independentariables (IVs)such as pulse rate and pulse wigtare manipulated
in the experimemstfor each motion includingrasping and openind\ll IVs hadthree levels
as shown imable3.5. Therawscores obtained on VASverestandardizedbr each participant
by ztransformation to contrahe variation betweeparticipants due to thdifferencesin

subjective assessme(fischer & Milfont, 2010; Kane, Bershadsky, Rockwood, Saleh, &
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Islam, 2005) The standardized VAS sconeere calculatedy Equation3.1 and used as

dependenvariable (DV).

Equation 3.1. Standardized VAS score
VAS- VAS_ me%gticipant
VAS_ standard deviatiQg,an

Standardized VAS Score

3.2.7. Experiment Designand Statistical Analysis

Sincethe experimentvasa balanced 3 x 3 withiaubject desigwith one DVfor each
motion @rasping and openiggvith participant as a blocking variabkeunivariateAnalysis
of Variance (ANOVA)modelwassetasEquation3.2 to evaluag¢ the maireffect of pulse rate
and pulse width, and the interaction effect between two Téble 3.6 shows degreeof-

freedom DF) for each source in the model.

Equation 3.2. Experimental modelfor Study 1
Yia =M t a +jb+( ‘% brB  + ik

where
i (= 1to3)indexes pulse rate levels
j (= 1to3) indexes pulse width levels
k (= 1 to8) indexes the subjects
| (= 1to 2) indexes the replicates
yii is a standardized VAS scooé subjectk assigned to pulse ratand pulse
width j in replicated
€ is a reference level

U's are the main effects of pulse rate
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b's are the main effects of pulse width

(U Ry's are the interaction between pulse rate and pulse width
Bk is the blocking factors of subjekt

“ik~N( 03 @

Bk~ N(0, Us?)

Table 3.6. DF in Equation 3.2

Source DF
Pulse rate 2
Pulse width 2
Pulse rate * Pulse width 4
Subject 7

Error 128

Total 143

Before conducting ANOVA, two parametric assumptions were assessed H(SME
institute Inc., Cary, NC). Browfrorsythe test was conducted to check for the equal variance,
also known as homoscedasticfBrown & Forsythe, 1974)and ShapirdVi | k 0 (Razdlie s t
& Wah, 2011; Shapiro & Wilk, 1965)as utilized to check if the residual error has a normal
distribution, also caid normality. The results imable 3.7 showed that data satisfied the

assumptions of both homoscedasticity and normality of residuals for each motion.
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Table 3.7. Resulis of homoscedasticity and normality esisfor Study 1

Motions ShapireWilk Test Brown-Forsythe test
(Normality) (Homoscedasticity)
: W =0.987313 Fs, 135= 1.5047
Grasping p=0.2113 p=0.1611
. W = 0.989546 Fs, 135= 0.8951
Opening p=0.3579 p=0.5226

Sincethe ANOVA assumptions were not violated,-a&v&y ANOVA for each motion
such as grasping and openiwgs conducteavith one dependent variable, teandardized

VAS score.

3.2.8. Results

Table 3.8 shows the results of the raw VAS scores for the grasping and opening with
nine combinations of two parameters, pulse rate and pulse WitghVAS scores shown in
the table were sorted by panetersut the combinations of FES parameters were randomly
appliedto avoid potential order effecta the experimentAs shown in the table, the VAS
scores varied not only from patient to patidne tothe differences in subjective assessment,
but alsowithin the same patient because of the effects of the FES parariéigsshese raw
VAS scores were standardizied each participartb control the variation between participants

(Fischer & Milfont, 2010; Kane et al., 2005)
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Table 3.8. Raw VAS score for flexion and extension

PR indicates pulse rate and PW implies pulse width. T1 and T2 represent the order of trials.

S01 S02 S03 S04 S05 S06 S07 S08
PR PW T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2
30 180 43 37 13 3 63 33 29 56 50 51 35 21 74 60 82 81
30 220 46 45 32 20 79 68 41 42 53 52 46 43 68 72 86 85
30 260 61 51 12 26 41 83 67 63 52 50 42 58 67 81 76 81
g 35 180 45 52 18 17 40 78 57 56 54 50 41 45 83 67 60 70
§ 35 220 41 54 35 28 39 59 66 67 54 50 35 30 85 74 69 78
G 35 260 44 51 28 7 68 91 56 56 52 52 38 44 75 73 72 84
40 180 43 55 6 34 40 41 42 46 50 51 46 37 61 59 89 89
40 220 41 61 28 3 60 69 35 56 47 52 29 24 67 75 93 92
40 260 44 45 26 22 57 39 57 66 49 50 20 38 80 64 79 88
30 180 4 51 10 89 60 61 57 19 39 14 49 75 74 61
30 220 13 45 12 78 43 57 56 20 19 25 50 68 66 47
30 260 81 46 11 2 39 51 45 54 17 15 26 19 80 56 58 59
@ 35 180 57 52 2 58 68 50 43 8 19 36 31 85 73 62 34
g 35 220 29 51 4 70 70 62 56 10 19 39 37 69 65 81 75
o 35 260 52 45 4 60 59 37 56 14 13 42 23 72 77 85 67
40 180 63 52 10 6 77 41 44 44 37 21 29 10 64 68 55 54
40 220 35 53 9 8 89 60 44 44 19 18 42 25 58 60 75 50
40 260 55 54 10 7 69 39 56 56 18 30 18 17 59 63 44 43
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The anthropometric information including the length of elhoist and the
circumference of the impaired forearm was recorded for each patient as shown i8.9.able
The adequate X and Y coordinates of the cathode electrodes for the grasping and opening ar
also shown inrable3.9 and 3.10. The coordinates of the anode electrodes were not analyzed
as Lawrenc€2009)found that the coordinates of anode electrodes were no significant effects
on muscle contraction. The-dbordinates in the tables represent the distance from the
reference line, the Jéxis defined in Section 3.2.5, to the cathode electrodes.a8ynthe x
coordinate is the distance from the middle (and thickest part) of the forearmaths, Where
the medial direction is expressed as positive and the lateral direction as negative. The ratio of
the Y-coordinate in the tables indicates the nalized distance to the length of elbowist,
while the ratio of the Xcoordinate expresses the normalized distance to the circumference of
theforearm.

The mean ratio values and standard deviations of thenX Y-coordinates for each
muscle group are asreported inTable3.9 and 3.10. The mean ratio and standard deviation
(STD) of the ¥coordinates for each muscle group (WF, FF, WE and FE) were ¥ 23434,

30.89 *+ 3.22, 70.51 £ 3.33, and 29.08 £ 3.78, while that of tbeoXdinates were0.72 +
9.11,-0.46 £ 3.32, 0.03 + 5.07, and 0.26 + 2.72, respectively. The results of the descriptive
analysis showed that the adequateodrdinates of the cathedrES electrodes were relatively
consistent between subjects compared to twwotdinates. Even though thec$ordinates

varied between patients, average cathode electrodes coordinates for all muscle groups were

approximate to the middle line (zero at ¥Xexis).
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Table 3.9. Coordinates and ratios of cathode electrodes for WF and FF

Wrist Flexion Finger Flexion
Circumference Elbow-Wrist
ID Length X-coordinate Y-coordinate X-coordinate Y -coordinate
of Forearm (cm) (cm)
Position (cm) | Ratio (%) | Position Ratio Position Ratio Position Ratio
So1 29.9 29.5 -1.2 -4.01 22.6 76.61 -1.6 -5.35 9.8 33.22
S02 29.7 29.4 -1.9 -6.40 20.7 70.41 0.7 2.36 8.4 28.57
S03 215 25.5 3.1 14.42 185 72.55 -0.2 -0.93 7.9 30.98
S04 27.4 27.5 -2.4 -8.76 194 70.55 -0.9 -3.28 8.9 32.36
S05 30.8 28.1 -0.9 -2.92 194 69.04 -0.9 -2.92 7.7 27.40
S06 26.7 26.5 -1.6 -5.99 18.1 68.30 1.0 3.75 7.1 26.79
S07 30.5 27.1 2.2 -7.21 20.0 73.80 -0.5 -1.64 10.1 37.27
S08 23.1 23.9 3.5 15.15 18.7 78.24 1.0 4.33 7.3 30.54
Mean -0.72 Mean 72.44 Mean -0.46 Mean 30.89
STD 9.11 STD 3.34 STD 3.32 STD 3.22
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Table 3.10. Coordinates and ratios of cathode electrodes for WE anBE

Wrist Extension

Finger Extension

Circumference| ElbowWrist
ID of Forearm Length X-coordinate Y -coordinate X-coordinate Y -coordinate
(cm) (cm)
Position (cm) | Ratio @6) | Position Ratio Position Ratio Position Ratio
S01 29.9 29.5 21 7.02 20.5 69.49 1.0 3.34 7.7 26.10
S02 29.7 294 -1.2 -4.04 19.8 67.35 -0.6 -2.02 7.0 23.81
S03 215 25.5 -1.2 -5.58 18.0 70.59 -0.6 -2.79 7.4 29.02
S04 274 27.5 0.9 3.28 19.8 72.00 -0.7 -2.55 7.9 28.73
S05 30.8 28.1 2.3 7.47 20.5 72.95 -0.7 -2.27 10.2 36.30
S06 26.7 26.5 0.3 1.12 16.9 63.77 0.8 3.00 6.8 25.66
S07 30.5 27.1 -1.3 -4.26 19.9 73.43 11 3.61 8.8 32.47
S08 231 23.9 -11 -4.76 17.8 74.48 0.4 1.73 7.3 30.54
Mean 0.03 Mean 70.51 Mean 0.26 Mean 29.08
STD 5.07 STD 3.33 STD 2.72 STD 3.78
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The results of ANOVA are presentedTiable3.11 includingthe main and interaction
effects. The table also includepartial eta sqa r e @ to (mgasurethe effect sizesthe
proportiors of the variability associated with an effect compatedthe total variance
characterized by small, medium, and large effect with values of .01, .06, and .14, respectively

(Cohen, 1988; Fritz, Morris, & Richler, 2012; Richardson, 2011)

Table 3.11. Results d ANOVA for the standardizedVVAS scores

Grasping Opening
Source DF | F-Value Pr>F Par t?i F-Value Pr>F Par t?i

Model 15 | 1112  0.3503 1.0488 0.4108

PR 2.068 0.1306 0.0313 | 1.1153 0.331 0.01713

PW 6.3879 0.0023* 0.09075| 6.2748 0.0025** 0.08929

2
2

PRXPW 4 1.5134 0.2021 0.04516 | 2.9652 0.0221* 0.08481
7

Subject 0 1 0 0 1 0

*p<0.05,** p<0.01, *p<0.001

The resultsshowed that the meansf the standardized/AS scoresbetween the nine
combinations of FES parametevsrenot significantly differentfor both graspingHas, 108 =
1.1142 p = 03503 and opening (k5, 128 = 1.0488 p = 04108.

For the grasping motigrthe main effect of BV was significant{F2, 10s= 6.3879 p =
0.0023, d> = 0.09075 having a medium effecaind no other effects were significafitu k e y 6 s
Honest Significant Difference (HSD) test wasosento determine significant differences in
the main effects dPW because it has greater powsrile still controlling the familywise reor

ratethan the other methods for controlling type 1 e(idyers, Well, & Lorch, 201Q)The
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resuls shoved that the meaistandardized/AS score of PWat 180 was significantly lower

than that of otheras shown in Figur8.9.
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Figure 3.9. Differences instandardized VAS score for PW ofgrasping

Different letters above bars indcate a significant difference(p < 0.05)

Dunnettdos test for the grasping motion wi
performed to examine significant differences between the effects of fixed FES parameters and
the userspecific parameters grerceived muscle paand discomfor{Dunnett, 1955)Figure
310illustratest he result of Dunnettdés test, and the
represent 95% upper and lower decision limits, respectively. The resultsecktres! the
standardize®AS scorewith FES parameters at 30/1@0R/PW)was significantly lowethan

that of the controlevel at35/220(PR/PW,.
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Figure 3.10. Control difference in standardized VAS scorefor PR/PW of grasping
UDL = Upper Decision Limit; LDL = Lower Decision Limit; CV = Control Value with PR/PW at 35220

The resul for the openinghowedthe main effect of PW @-126= 6.2748 p=0.0025
d?=0.0829 and interaction effect gF2s= 2.9652 p=0.0221, d> = 0.08481) were significant
andbotheffects hadnedium effecsizes Figure3.11showsthe nteractioreffect between PW

and PR folopening

§ 1 o1
»w 5 " !6 30
5 2 53 35
8‘2 0.5 qé 2 0.5 20
£ s £g (PR)
(2]
S5 = 5 =

S (Pw) S
o
2 _¢§ -0.5 180 g & 0.5
a g 220 a -g
38 a 260 82 a

] 30 35 40 (pg) ‘S 180 220 260 (pw)

Figure 3.11. Interaction plots between PW and PRor opening
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Similar to the grasping motiob,u n n e t waé erformeed td examine with a control
(PR = 35; PW = 220for the opening motiomas shown irFigure3.12. The results revead
that thestandardized/AS score of FES parameters with PR/PW at 30/260 was significantly

lower than that of the control level 35/220 (PR/PW).

uUDL

0.5

CV =0.252

R

0.5

LDL

Least squares means
of standardized VAS scores
0

-
' 30/180 30/220 30/260 35/180 35/260 40/180 40/220 40/260 -

Figure 3.12. Control difference in standardized VAS score for PR/PW of opening
UDL = Upper Decision Limit; LDL = Lower Decision Limit; CV = Control Value with PR/PW at 35/220

Table3.12 showsthe selected-ES parameteifor PRand PWfor each participantAs
mentioned before,he userspecific FES parameters were determined by selecting the
combinationamongthefive lowestVAS score which couldopen wide enough to be ready to

hold a small ball and be strong enough strength to lift the ball properly.
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Table 3.12. User-specificFES parametersfor each patient

PR indicatespulserate, and PW is pulse width

Grasping Opening
ID PR (Hz) PW sfe PR(Hz) PW o ¢
S01 30 220 30 180
S02 30 180 30 260
S03 40 260 40 260
S04 40 220 35 180
S05 40 220 30 220
S06 40 220 40 180
S07 30 260 30 260
S08 35 220 35 180
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3.3. Discussion

In Phase ]the FES system was built with four inexpensofé-the-shelf TENSunits.
The developed FES system could support seven important feiatéeS operation identified
in Section2.1.4and was also capable of controlling multiple FES electrodes to derive natural
hand and wrist movemesin reattime as summarized ifiable3.2.

In Phase 2, thadequateX and Y coordinates of the cathode electrodes for the grasping
and opening were reated, and the ratio of coordinatess calculated by normalizing the
positions with respect to anthropometric data. The results indittaethe Y -coordinates of
the cathode FES electrodes were relatively consistent between subjeptramito the X
coowinates, and the mean ratio valuesh&Y -coordinates for each muscle group (WF, FF,
WE and FE) were 72.44 + 3.34, 30.89 + 3.22, 70.51 + 3.33, and 29.08, xe3p&:tively
Even thougtthe X-coordinates more varied between patietits average cathodelectrodes
coordinates were approximate to the middle tifhthe forearmThese results could be utilized
asanappropriate initial position with respect to anthropometric data for each muscle motion,
such as WF, WE, FF, and FE. Moreover, the findingddcaddress thiack of clear guidelines
to determind-ES electrode placement, and help novices without ddtaibwledge of muscle
anatomy to findadequaté-ES electrod@lacement

The userspecific FES parameters were also determined by following theoped
systematidFES parameter setting procedure, #mel statisticabnalyses wer@erformed to
investigate the effects of each combination of FES parametgrsroeived muscle paisnd
discomfort The results of ANOVA tests shaa that the meanstandardizedVAS scores

between all combinations of FES parameters wetsignificantly different for both grasping

102



(F15128=1.1142 p = 03503 and opening (f5, 12s= 1.0488 p = 0410§. However, he post

hoc analysis fothegrasping motion reveatisignificant differences in the main effects of PW,
and the results shad thatthe mearstandardized/AS score of PWat 180 was significantly
lower than that of otherddoreovert he results of Dunnettodos tes
motions also indiated that thestandardizedVAS scores of some FES parameters were
significantly lower than that of the control level at 35/220 (PR/PW)mplies that the
application of usespecific parameters significantly decreassuscle pain and discomfort,
and will, consequently, help to increase user satisfaclioerefore, the null hypothesis of H1
was rejected in favor of the alternative hypothesisch stateghatthe application of theser
specific FES parametessgnificantly decrease perceived muscle paiand discomfort than
that of the fixed FES parametdos both grasping and opening motgon

Furthermore,only one patient selected the control level as ukerspecific FES
parameteras shown in Table 321 and thae resuls also supported the importance of the
application of usespecific FES parameters. The uspecific FES parameter identified by the
proposed procedure was utilized in the experiments in Study 2 witispseific FES electrode
placement.

In the post-experiment questionnairene participant mentioned some residual muscle
fatigue,another showed a slight rash at the location where the electrode was attacted, and
third person felt tingling on the forearm. Howevael, of them reported that the symptoms
disappeared in a few hours at the folaw survey.All of the participants respondedith
either AVery sati sf,0aadherageoverail stsfactionwithiStudy at i s f i

was4.6 out 0f5.0. Oneof the patticipants, who frequently used the similar TENS unit used in
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this study,commentech s f o [THe positson of pads seesvery important for(1) right
physical action an(R) paintolerance leved and the patient was happy to know #uequate
FES electwde positions and parameters.

During the experiment, one fact not included in the objectives of this study found that
most subjects perceived more pain and discomfort when applying FES to the flexor muscle
than extensor muscle. To validate this fact, the ¥AS scores of all subjects were divided
into two groups such as grasping and openin
equal variance assumption was not satisfied based on the Bansythetestresults(F1, 2g6=
7.1721;p = 0. 0 0 7 &st showadhdt mdnid ¥AS scores between two groups were
significantly different (k, 278.95= 15.2861; p = 0.0001). There are two possible reasons why
the average VAS scores were different between motiorss, when the wrist extensor muscle
is stimulated by FEShefingers naturallyassume &alf-open position. The finger extension
could beeasily made by stimulating the finger extensor mus@eastrarily, the wrist flexion
has little effect on the firgy flexion. Thus, most dhefinger flexion should only be achieved
through FES stimulation, and current amplitudesuldbe increased for enough grasping
power, which couldalso increase perceived muscle pain and discon{laatvrence, 2009;

Mal egevi [ .étaddifion,.the FESGlecrodes of the finger flexion are generally
located just above ulnar and median nerves as showigume 2.1, unlike that of the finger
extension, and these nerves are simultaneously stimulated when FES is applied which could

cause perceived muscle pain and disconfatandring et al., 2008)
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4. STUDY 2: DEVELOPMENT OF AN OVEL SMR-BASED BCI SYSTEM

4.1. Objectives

The objective of Study @aspropose a novel SMRased BCI with visual guidante
addresghefive mainlimitations of SMRbased BGicontrolledFES identifiedn the literature
review in Sectior?2.3as follows: (1) ambiguousstruction for Ml tasks during training under
SMR-based BCI systems; (2) lack of studies to classify different Ml tasks in a single hand,
such as grasping and opening; (3) difficultiesl@caling voluntaryand passiv&éMRs and
(4) inconsistentrequency bandelection procedurde extracimportantSMR features

In order toachieve the objectivgarticipants were asked to follow a visual guideline
consisting of video clips representing taiferent rhythmic Ml tasks in synchronous BCI
experimentgo classify a Zlass Ml task in a single han@iheywerethenasked to continue
or stop the Ml taske/hen FES was activatéd investigate the feasibility of distinguishing the
existenceof Ml-induced SMRs

After thesynchronous BCI experimeran offline analysis was conducted to determine
aset ofuserspecific classification methadnhcluding (1) the best classificaticaigorithm,(2)
the best set of classifier parametensd(3) thebest combination of frequency banaind EEG
channelsn terms of the classification accuradyhe resuls of Study 2werethenutilized for

online BCI experimentsn Study3.
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4.2. Methods

4.2.1. Participants

The same participants who did Study 1 were invited again on a separate day and were
asked to conduct synchronous BCI experiments for MI traindiy patients who were
displeased with FES and BCI experiments could cease at anyHowever no onechoseto

withdraw before the end of the study.

4.2.2. Visual Guideline

Since MI tasks do not involve physical movemeittis difficult for the experimenter
to know whether the participant is performing Ml tasks in the correct Wayaddresghis
issue, clear instictions are required to help participants during trainirgis,in this study,
video clips were provided as a viswplidelinefor Ml tasks and participants were asked to
follow the movie clipsto train them in becoming familiar with the Ml tasks

The visual guideline consisted of two @d clips to represent Slow Gtieme Grasjng
(SOG) and Fast Cyclic Opening (FC@s shown inFigure 4.1 The video clip of SOG
displayeda slow onetime graspingfor three secondgl/3 Hz) startingat a neutral position
with a straighthand and wristwhile that ofFCO showed a threéme repetition of opening
motion (froma graspingoosition) forthreesecond (1 Hz). Rarticipants werghenasked to
imagine each motiondepicted in the video clip as similar as possiflee two different

rhythmicmotionsused in visual guidance wargended to classifg2-classMI taskin a single
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hand utilizingdistinct SMR featuresvoked by different rhythmic MI&hoi et al., 2016; Gu
et al., 2009)

These video clips were displayed on ai2dh LCD monitor located approximately 42
inches in front of participants, and the centerline of the monitor was set within 10d&fgree
eyelevel to follow the guideline of viewing distance and screen size, and viewing angle for

individuals, respectivelyAhlstrom & Kudrick, 2007)

Slow one-time grasping (1/3 Hz)
1 1
e s s et e e e e e e S S S S

1
1
i
<+ 1 second e 1 second >
i
1
1

) 1second ——

A AT S A AT A AAA

Fast cyclic opening (1 Hz)

Figure 4.1. Visual guidancefor grasping and openingmotions

The upper images are fora slow onetime grasping andthe lower images fora fast three-time opening

4.3. Procedures

When patrticipants returned, the skin preparation processpedormedsimilar to
Study 1 by following Axelgaard's guidelines (Axelgaard Manufacturing Co., Fallbrook, CA).
FES electrodes were placed on #lieequateoordinates with thaserspecificFES parameters
identifiedand recordedh Study 1.The antistatic wrist strap was then applied to the opposite

hand of the affected forearm with the FES electrode to ground out the electrical stimulation.
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Afterward, he participants werthenaskedto wear an EEG cawith 32 activeEEG
electrodes, anthe gap betweeREG electrode and the scalp were fillagith a conductive
EEGgelt o reduce i mpedance below 5 kq (Whentec
the FES and BCI systems were reaggrticipants were givedetaiked explanatios of the
synchronougxperimemand were instructed on how to perform the MI tasks according to the
visual guideline shown on the monitor.

The experiment in Study 2 consisted of five sessions with 24 trials per session, and
there was a threminute break between sessioiach trial Isted 2 seconds and consgstof
arest perio@2.5 secondsp reference periogith cueg2.5 second)an Ml period(3 seconds)

an FES initiation perioq1 second)and afeedbackperiod(3 secondsas shown irFigure4.2.

Visual Cue MI Guideline FES Feedback

Stow | e e ek I e
Grasping | | |

| - -
T e | EEEEREL \&a

Opening

i
3 seconds >

Rest _ Ml period INI Feedback period
L | | | | | | il o
I I I I I I |

0 1 2 3 4 5 6 7 8 9 10 11 12 (s)

“Keep imagination”

“Slow grasping”

Auditory Cue

“Stop imagination”

“Fast opening”

“Take a rest” “Ready”

Figure 4.2. Sructure of eachtrial

Text in the blue box indicates the auditory cue which played at the beginning of each pericghd INI is
an abbreviation of the FES initiation period.
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During the rest periodhe screen showed ortlye gray background without any image,
and an authiktormyrese o) fi was pHeespermd. Rarticipariise b e g i
were required to remain calm during this period to stabilize &B@als The reference period
wasthenfollowed by a cross fixation screeandan auditorycue (‘teady")at the beginningf
the period, and the visual (text) cue and the auditory cue for edlogr grasping” or fast
opening" were presented at the end of the reference pé&hedparticipants were askéad
focus on the screen to be ready for M| tagiiterward theMI periodwas successivelgiven
to participantsvith the visual guidelinef SOG or CFO for three secon@uring this period,
the participants were asked to mimic Ml tasks as close abfiygifollowing the visual cues.
After theMI period, the FES initiation period lasted for 1 second, during which the FES system
activated the samemotibono t he s ub | e c asplesertddinthe viseatiguideline.e ar m
In this period, the curremmplitude of FES was gradually increasediblyzing the ramp time
function to improve user satisfactioat the end of the FES initiation period, tfeedback
period was successively given to the participants. In this period, the participants weesrequir
to keepor stopthe Ml tasls given in thefeedbackperiod according to auditory cues such as
fkeep 1| magi dopimagioatiayd orresfipecti vel y.
In theMI period,participants conducted a total of 120 trials including 60 trials for each
SOG and FCOwhile they performed 60 trials for eithieeepor stopMI tasksin thefeedback
period. All trials were pseud@ndomized so thahe number of trials fodifferent conditions

were balancewith each combinatioas shown imable4.1
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Table 4.1. The number of trials for each condition in Study 2

Feedbackeriod
Total
Keep | Stop
Grasping 30 30 60
MI Period
Opening 30 30 60
Total 60 60 120

The total time of the experiment was arounddi@iutes, and the completion time of
Study 2 was 60 minutes including the setup tifigure 4.3 shows the structure of the

experiment in Study 2.

Study 2 Experiment time 41 min | Total Trials 120

Session Session 1 Total

Trial Initial | Rest | Ref [ Ml INI FES .. |Trial 24| (Min)
Time (sec) 60 25 | 2.5 3 1 3 12 5.8

Break (3 minutes)

Session Session 2 Total
Trial Initial | Rest | Ref | Ml INI FES .. |Trial 24| (Min)
Time (sec) 60 2.5 2.5 3 1 3 12 5.8
Session Session 5 Total
Trial Initial | Rest | Ref | MI INI FES .. | Trial 24| (Min)
Time (sec) 60 25 | 25 3 1 3 12 5.8

Figure 4.3. Structure of the experimentin Study 2
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4.4. Signal Processing

EEG signals have some critical properties which should be considered inchualsg
signal and outlier®digh dimensionality time informationbandon-stationarity(Lotte et
al., 2007) Therefore, the brain signal should be carefully processed with consecutive steps to
clearrup, extract, and identify relevant brain featufesdescribed in Section 2.3.Bdse steps
include (1) signal acquisition; (2) signal preprocessing to filter out irrelevant information such
as noise and artifacts; (3) feature extraction and selection to refine the brain features by

extracting spatial andf temporal information from the filtered signahd(4) classification.

4.4.1. Signal Acquisition

The EEG signals were measdrrom 32 active electrodesAFz, F7, F3, Fz, F4, F8,
FC5, FC3, FC1, FC2, FC4, FC6, T7, C5, C3, Cz, C4, C6, T8, TP7, CP5, CPERRLPG,
TP8, P3, P4, PO3, PO4, O1, and)@&th the groundat Foz andtheleft earlobereferenceas
shown inFigure4.4. The EEG signals were sampled2i6 Hz via two g.USBamp biosignal
amplifiers (g.tec medical engineering GmbH, Austriagjdnotchfiltered at 60 Hz to remove
electrical mains hum in the United States with the BCI2000 sy$8ahalk, McFarland,

Hinterberger, Birbaumer, & Wolpaw, 2004)
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Figure 4.4. EEG electrode montage

The yellow circles indicate the selected 32 EEG channels,
while the blue squares ardor the ground electrodeand the left earlobe reference

The recordedEG signals were then divided into three sub$etdurther analysis as
follows: (1) the reference ariI period for ERD/ERS and CSP analyses to detect the existence
of Ml-induced SMRsvhen FES was not being appli€d) theMI period forthe CSP method
to classify &-classMlI task in a single handard (3) thefeedbackperiod forthe CSP analysis

to decode the existence 8MRswhen FES was being appli€feeFigure 4.5)
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Figure 4.5. Structure of three subsets ofthe EEG signalsin Study 2

4.4.2. Signal Preprocessing

Once the brain signaererecorded, noise, artifacts, and other irrelevant brain signals
were filtered out. EEG signals were visually inspected for unexpected EEG contamination
usually caused byody movementand electrode driftduring the experimentsand those trials
were excluded from further processihgaddition, EEG signals were filtered Bgautomatic
artifact rejection toolbox from the EEGLAB v13.6.5Delorme et al., 2001Delorme &
Makeig, 2004; Nolan et al., 2010)he rejection thresholdseresetat1 50 €V f or t he
fluctuation threshold an@ STD for the probability threshold of entropy and kurtoSise
remaining trials were then bapass filtered between-29 Hz to remove irrelevant brain
signalssuch as muscle artifactsigure4.6 shows theexamples otherejected trialglue to the
electrode drift and physical movement detedtedh the automatic artifact rejection toolbox

in EEGLAB.
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Figure 4.6. Examplesof the rejected trials

The left figure showsEEG signals with electrode drifts at 31sttrial, and the right figure displaysEEG
signals with physical movemergat 37th trial. The upper plots illustrate the spread EEG signals for each
channel, while the lower plotsshow the stackEEG signals The red circles indicate the abnormal signals

and yellow-colored backgrounddepictsthe rejected trials.

Afterward PCA was appliedo the filtered EEG signal® projecthigh dimensioal
data(32 channels) into lower dimensions while maintaining imporaain features After
applying PCA, eigenvectors and eigenvalues of a covariance matrix were generated. Among
all eigenvaluesthefirst few components which could explain @b6of variance wer selected
with the assumption that the important brain features are contained in those few components
The retained principal components were then projected Wwibkthe reduced dimensional
EEG signal by excluding unimportactmponentsThis procedureat only addresssthe high
dimensionality issue but also helpp speed upnICA decomposition process by reducing the
dimension of the EEG signal.

The reduced dimensiondEEG signad after the PCA procedurestill mixed with

irrelevant independent components suclkyasblinking artifactsand visualstimulusevoked
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potentiab. Thus an ICA method was applied toretain only the relevant independent
componentdy removing irrelevant componentfter the ICA decomposition procesthe
EEG signals were decomposed into maximally independent componenttheaadifact
(irrelevant) componentscould beidentified by plotting each independent componentin
component activity time courseda topographical mapAfter removing the artifact related
components, EEG signals were projected back thighwhitened data

Figure 4.7 illustrates the examplesf ICA components that should be rejectétie
figureson the left inFigure4.7 displaythe scalp topographical map, whike right plotsshow
the component activityime course of the relative strength over the triailee X-axis of the
time course represents the elapsed time from the beginning bfltperiod (+ 3 seconds),
while the Y-axis shows the trial sequence numbditse red vertical lines in the right figures
indicate the timing when thedowsgabhspuegp §&E
ffast openingodo text, Theecalptompgraptacal mapdiguped.7(d)i ci pan
shows that the eyelinking artifacts occurred mainly near thrmehead AFz), and he eye
blinking artifactsare representeds blue spots in theomponent activitytime course.n
contrast, tk visual stimulusevoked potentials occurre@ar the occipital corteas shown in
Figure4.7 (b), andthe time course plondicateghatERPs evoked byisualstimulusoccurred
around 300ms after the visual cues were gitgure4.7 (c) depicts the electrode drift noise
at F®, and the time courgalot shows that there were strong line noises nedf g and
115" trial. As mentionecpreviously theseindependent components were not related to SMRs

evoked by Mis, stheywere removed from thEEG signals fofurther analysis.
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b) Visual stimulus o .
(ev)oked potentials (a) Eye blinking artifact

(c) Electrode drift

Figure 4.7. Examples of the rejected ICA components r om Subj ect
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Finally, the surface Laplacian estimatimasapplied to the EEG signaktsetweerthe
referenceand M| periods to enhance spatial EEG traxzeof the ERD/ERS procedure
(McFarland et al., 2000; Schalk & Mellinger, 2010heranges okurface Laplacianvere set
as 0.15 and 0.27 (lower and upper boumdlistance ratigsrespectively}to determinethe
distance limis for determination of ¥ in Equation2.1. With the set of limit ratiosthe
electrodes near Yy with distance ratios of adjacent electrodes of 0.15 and 0.27 were selected
as the \(j0 Jable4.2shows the selected adjacentelectrodg® ¥, corresponding

electrode, V) for the surface Laplacian estimation.

Table 4.2. The selected adjacent electrodes faurface Laplacian

V(i) indicates the target el ectr odewithraspedttoMhej ) 6s ar
target electrode.

V) Vpod s
AFz F3, F4,FCL,FC2

EF7 F3,FC3, T7, C5, C3

F3 AFz, F7, FzFC5, C5, C3

Fz F3, F4,FC3,FC4, Cz

F4 AFz, Fz, FBFC6, C4, C6

F8 F4,FC4, C4, C6, T8

FC5 F3,FC1, T7, TP7,CP5,CP3

FC3 F7,Fz, T7, C5, CAP5,CP3

FC1l AFz, FC5, FC2, C5, C3CP3,CPz
FC2 AFz, FC1,FCe6, C4, C6CPz,CP4
FC4 Fz, F8, Cz, C6, T&CP4,CP6

FC6 F4,FC2, T8,CP4, CP6, TP8

T7 F7,FC5,FC3, C3,CP5,CP3

c5 F7, F3,FC3,FC1,CP3, P3

Cc3 F7, F3,FC1, T7, Cz, P7,CPz, P3
Cz Fz,FC3,FC4, C3, C4CP3,CP4
c4 F4, F8,FC2, Cz, T8,CPz, TP8, P4
Cc6 F4, F8,FC2, FC4, CP4, P4
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T8 F8,FC4, FC6, C4,CP4,CP6

TP7 FC5, C3,CP3, P3

CPs FC5,FC3, T7, P3, Po3

CP3 FC5, FC3,FC1, T7, C5, Cz, P7,CPz, FO3
CPz FC1,FC2, C3, C4CP3,CP4, P3, P4P0O3 PO4
CP4 FC2,FC4, FCo, Cz, C6, T8CPz, TP8,PO4
CP6 FC4,FC6, T8, PAPO4

TP8 FC6, C4,CP4, P4

P3 C5, C3,TP7,CP5,CPz, O1

P4 C4, C6,CPz, CPs, TP8, O2

PO3 CP5,CP3,CPz, P04, 02

PO4 CPz,CP4,CP6, PC3, O1

o1 P3,PO4, 02

02 P4,PC3, O1

Figure 4.8shows the summary of the signal preprocessinthiEEG subsets.

EEG Subset 1**
Surface
B W 1 Laplacian
EEG Subset 1 EEG Subset 1*
Artifact [ — ICA :LB=0.15

U

Removal | Bandpass | -QZE/Aof | '\-/iEs\l(JZIb:It?rl:Eﬁjs :UB=0.27
EEG Subset2 | : Threshold Filtering IR : EEG Subset 2*

S1sopv [ :120mz [ P [ evoked

-3STD

il

- < variance | potentials
: Electrode drift | EEG Subset3*

EEG Subset 3

Figure 4.8. Summary of the signal preprocessing fothe EEG subsets
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4.4.3. Feature Extraction

After the signal preprocessing procedure, two feature extraction methods were utilized
including ERD/ERSPfurtscheller & Neuper, 2006; Young et al., 2085 CSPmethods
(Golub et al., 2016)The ERD/ERS method was appliedly to the onesubset(EEG subset
1**), while the CSP was analyzed tbe othelEEG subset (EEG subsetl*, 2*, and 3*)

To compute ERD/ERS, thereprocesse®EG subset 1**including both SMR and
reference periodsere banepass filtered with a width of 4 Hz by FIR filtddaly et al., 2009;
Novi et al., 2007)TheEEG signals were then divided into seven-bahds from the first sub
bandbin, [1-5) Hz, to the seventh subandbin, [25-29) Hz, with 4 Hz intervals Afterward
the EEG data okachsubbandbin were transformed from time&lomain data to frequency
domain data by using FRith the Hamming windowing methotbr 2.5second data epoch
(640 data points)Afterward, the relative bad power of eaclsubbandbin, ERD/ERS was
computed witlthe value oFFT in the reference periaghdthat in theMI periodfor each trial
by following Equation2.2 (Pfurtscheller & Lopes, 1999)

The other three EEG subsets waralyzed with theSBCSPwhich can project a
multidimensional EEG dataset into a lalvnensional subspacas describd in Section
2.3.3.3 To decompose the EEG subsets into multiple sub frequency libadsEG signal
were banepass filtered fosevenfrequency bingy following the sameprocedure utilized in
the ERD/ERSmethod Fromeach sukband bin the eigenvaluewsere calculated and utilized
to determine thbestfeature from the projected EEG mat{Bfurtscheller, Linortner, Winkler,
Korisek, & Miuller-Putz, 2009) The features from SBCSHhen utilized to increase the

subsequent classification accuracyfiigng theclassification scoresf each sudband feature
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Figure4.9 shows the summary of the feature extraction procedure for all EEG subsets.

EEG Subset 1**

Sub-band

FFT

- 640 points
- 2.5 second
- Hamming

ERD/ERS
with Ref and
SMR period

ERD/ERS feature set | —I

Final feature sets

Segmentation

SB1 =[1-5)Hz |—
EEG Subset 1* sB2=[5-9)Hz | |
EEG Subset 2* SB7 =[25-29)Hz | |
EEG Subset 3*

SBCSP

for classifier

CSP feature set 1 | (Each set has

CSP feature sot2 | seven sub-band bins)

CSP feature set3 | _J

Figure 4.9. Summary of the feature extraction procedure for all EEG subsets

4.4.4. Classification

In this study,threedi f f er ent

classificat iS¥Wandl gor it

ensemble methodwere tesed to identify the best classification algorithm and classifier

parameterdvlanyBClI studieshavereportedgood classification outcom@sth LDA and SVM

(Bhattacharyya, Konar, & Tibarewagl2014; Kamrunnahar, Dias, & Schiff, 2009; Lee & Choi,

2003; Schlogl, Lee, Bischof, & Pfurtscheller, 200&3 wellashave validated these methods

as among the most suitalallgorithms for SMR feature classificatifBashashati et al., 2007;

Lotte et al., 2007)For the SVM classification algorithm, the kernel function used quadratic

components to cover ndimear characteristics in the brain signal, and the{eqisares method

was applied to find the separating hyperplarrednsmble method by combining thetputs

of the LDA and SVM classifiers wadsoevaluated to test hypothesis 2aBd the final decision
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of the ensemble method was made with the weighted majority voting by combining the
decisions of LDA and SVM, as well as by combining the features ofctassifier as described
in Section 2.3.3Polikar, 2006)

Each EEG subsetas uniformly divided into 10 suttatasets to apply a 40Id cross
validation methodKohavi & others, 1995)Nine subdataets were useds training datasets
to buildaclassification weight vector, and the remaining onedatie set wastilizedas a test
dataset to calcula the classificatioaccuracy.

Figure4.10shows the summary of the classification procedure.

LDA
10
Feature Set for each 12 |I
ERD/ERS, CSP 1, CSP 2, ..
and CSP 3 Decisions |
(1~7)
10
) =I|
1
Sub-bands |II
(1~7)

—

Weighted

Voting

—

" 4

SVM
Decisions |II|I
(1~7)

Figure 4.10. Summary of the classification procedure
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4.5. Independent Variables

In the experimenttwo IVs were manipulated including period type and a
classification type. Theeriodtype hadthree leveldncluding SMR, ACT, and FES periods
and eaclperiodhaddifferentrolesasfollows; (1) detectinghe existence d¥ll-induced SMRs
when FES was not beirapplied;(2) classifyng a 2-classMI task in a single handand(3)
decoding the existence ofSMRs to control FESwhen FES was being appliedhe
classificationtype hadthree leveldor all periods such dsDA, SVM, and ensemble methods.

The summary of 1Vs is shown rable4.3.

Table 4.3. Summary of IVs

v Level
SMR period ACT period FES period
PeriodType (To detect (To classify (To decode
SMRswithout FES a2-classMI task) SMRs withFES
Classification Type LDA SVM Ensemble

4.6. Dependent Variables

Three DVs were measuréacludingtask performanceyrain activity and subjective
assessmentkirst, brain activity was analyzedto identify the SMR featuresncluding
topographiescomponent activity time courseand relative band powef brain signad. Task
performancewas statistically analyzedo test the hypotheses set in Section 2.412e
subjective mental workload was measured as the subjective assessment, and it wa$ analyze

in Study 3 with the result of Study 3.
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4.6.1. Brain Activity

The brain activity analysis was to validate ahehtify the SMRrelatedbrain features

with topographies, component activity time cosysend relative band power of brain signals.

4.6.2. Task Performance

Accuracy (%)

Accuracy in this experiment indicatéhe ratio of the correct classifications over the
number oftrials (Nam et al., 2015)The results fromi0-fold crossvalidation for eaclperiod
were averaged to calculate the accuraath three classification typeKohavi & others,

1995)

4.6.3. Subjective Assessment

NASATask Load Index (NASATLX)

After the experiment had been completed, the participants were asked to answer the
NASA-TLX questionnaire (See Appendix F) to measure the subjective mental wofiiadd
& Staveland, 1988)However, the result was not analyzed in Study 2, but it was analyzed in
Study 3 by comparing changes in the subjective mental workload between two experiments
for each subject. Participants were also asked to complete expestment questionnaire (&e

Appendix E). The results of the survey were discussed in the following section.
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Survey
Participants were asked to complete the ygterimenguestionnair¢SeeAppendix
E) after the experimeniThe questionnaires of the suriegludedoverall satisfaction of the

experiment, personal opinions and suggestionfuture research studies.

4.7. Experiment Designand Statistical Analysis

The objectives of the statistical analysis were to investifBtehe feasibility of
classifyinga 2-classMI taskin a singlehand;(2) the feasibility ofdetecting the existence of
Ml-induced SMRs when FES was activataad (3) the effect of differentlassification
methods From the results, hypothessH2.1 to H23 were tested.

Since he experimenin Study2 wasa balance® x 3 within-subjects factorial design
with two Vs (the periodtype andclassificationtype) with participant as a blocking variable
and one DV (accuracy), a univarigB®lOVA was seto analyze thenain effects of two IVs
and he interaction déct between IVs.Equation4.1 and Table 4.4 show theexperimental

model andDF of the model, respectively.
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Equation 4.1. Experimental model for Study 2
yijk =m + a +jb (+ a b $+ ijk

Where

i =1, 2 and 3indexes thdevel of theperiodtype

j =1, 2 and 3indexes thdevel of the classification type

Vi is the averaged accuracy of subjeetssigned to taskwith classifierj
€ is a reference level

U's are the main effects tife periodtype

b's are the main effects tife classification type

(UbB¥y are the i theperiodlypet&ithedalasshicatiomtgpe n
Bk is the blocking factors of subjekt

“ik~N( 02 0

Bk ~ N(O, (is?)

Table 4.4. DF in Equation 4.1

Source DF
Period Type 2
Classification Type 2

Period Type* Classification Type 4

Subject 7
Error 56
Total 71

Before conducting ANOVA, two paramet@gssumptions were assessed in INFAS
institute Inc., Cary, NGximilar to Study 1. The results Trable4.5 showed that data satisfied

the assumptions of both homoscedasticity and normality of residbialse the ANOVA
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assumptions were not violated2-avay ANOVA was conducteavith one dependent variable,

theaccuracy

Table 4.5. Resuls of homoscedasticity and normality test for Study 2

ShapireWilk Test Brown-Forsythe test
(Normality) (Homoscedasticity)
W =0.98593 Fs.54=0.7150
p=04207 p=0.6773

4.8. Results

4.8.1. Brain Activity

After the experimentrain activityof each subjeavasanalyzedo identify the SMR
relatedbrain featuresOnce brain signalwere recorded during the signal acquisition process,
the EEG data were filtered out in the preprocessing stage. Mést signal preprocessing
stepscould be automatedsuch aghe automatic artifact rejectioandthe bandpass filtering
proceduresbutthe ICA procedure requidevisualinspections to determine which independent
componentsvererelevantSMR featuresFigure4.11 shows the independent componeuits
subj ®&dtt d@d8ring the r et dheendependeat tampoSertl wepee r i o
derivedfrom the ICA procedure after reducing the dimengiom 32 channelt 18 channels
bythePCA procedureThe components marked in red indicate rejected compondrits the

bluecomponentsepresent thenesto be used fofurtheranalyss.
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Figure 4.11. Scalp topographiesof subject 5046

The criteria to reject independer@mponents were eydinking artifacts which mainly
occurred neathe foreheadandvisual stmulusevoked potentials occurringear the occipital
cortex The eye-blinking artifacts are usually short, but with high power, so plditnoises
appear randomly, as shownkigure 4.12a), whereas the visual stimulagoked potentials
appear at the same time between trials as béugcal linesas shownn Figure 4.12(b).
Furthermoremovementrelated artifacts occurred neéhetemporalkcortexarea (14" and 14"
components iffigure 4.1}, and electrode driftelatednoisesvere also removed 3" and 18'

components in Figure. 41).

1C9 activity (global offset 0.006)

Trials
Trials

4
2
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Time (ms) Time (ms)

(a) (b)

Figure 4.12. Component activity time course for rejected components

The X-axis represents time (ms), anthe Y-axis indicates trials
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Figure 4.13showsERP plots before and aftethe signal preprocessing procedtoe
each EEG channel. The retbt of the popup graphrepresents the signal before the noise
removal procedure whereas the blue plot indicates the signal after noise removal
procedure The black vertical linat 0-second indicatesthe timewhen the cross fixatiowas
displayed, a green daslottedline refersthe timewhen the auditory cueréady” wasgiven
and an orange detd line indicatesthe timewhen visual cuesvere given. From the results
shown in the plot, it confirntethat thesignal preprocessing procedweuld successfully

remove the irrelevant signals.
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Figure 4.13. ERP plots before and after the artifact removalprocedure

The X-axis represents time (ms)and the Y -axis indicates spectral powerThe black vertical line at O
second indicates when theross fixation was displayed, thgreen dashdotted line for the onset ofthe
auditory cue, "ready," and the orange dotted line for the onset of visual cues.

After artifact removal process, the scalp topographies of remaining independent
components were used tdentify SMR-relatedfeatures evokedhy MI tasks Figure 4.14

indicates two selected indepénwbot sadémpoeen
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hemiparesisin the component activity time couss®| tasks were initiated at 2500 mihe

resuls showedthat Power SpectraDensity (PSD) of the ipsilateral motor cortex increased,
while that of the contralateral motor cortex decreased immediately after the onset of MI. This
result is similar tdhe ERD/ERS pattersiconfirmed in the literature revie(Blankertz et al.,

2007; Muller et al., 2003)urthermore, it can be seen that the brain signal patterns before and
after the point when the MI task started are very different from each othese @istinctive

patterns are very important features that allow the classifier to distinguish the presence of Mis.

1C4 activity (global ofiset -0.002)
= T

Trials
Trials

0. K
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time {ms) Time {ms)

() (b)
Figure 4.14. Component activity time course for selected componentsf subj ect 6S046

The X-axis represents time (ms)and the Y-axis indicates spectral powerMI tasks were initiated at 2500
ms.

One participant,however, identified as u b j S8 & #who dhowed bad performance
did not have the above distinguishing brain featuregure 4.15represents all independent
components after reducing to nine dimension PCA procedurg and only three components
remained after removing irrelevant componeudtsike the results of the good performérete
was no specific pattern that could distinguish between before and after the reference and SMR

periods based on the Ml initiated point of 2500 A a result, the classification accuracy of

this participantwvas lowwill be subsequently shown
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Brain activityduring theACT periodwasalso evaluated to identify the featuedgited
by the 2-classMI task ina singlehand such as SOG and FCO. As defipealiiously the Mi
task of SOG was slow oftene grasping imagination, while that of FCO was fast thirae
opening. The reason forpplying different speeds and frequencies of MI tasks to this
experiment was to validate that tBeclassMI task can be distinguished by deriving Ml
features with different characteristidds i ng data from subject &6S06
hemiparesisan EventRelated Spectral Perturbati@RSP)analysiswas performedor each
Ml task by the EEGLAB toolboxDelorme et al., 2001; Delorme & Makeig, 2004; Nolan et
al., 2010)as shown irFigure 4.161n this figure the Xaxis represents the time from the M
startingpoint and the Yaxis the frequency from29Hz similar to the timérequency analysis.
The color scale, however, implies a change in spectral power from the Ml starting point, not

the absolute spectral power.
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(b)

Figure 4.16. ERSPsf r o m s 80b6(Gght Hemigdaresis) during the ACT period

(a) Six EEG channels near motor cortex for SOG, and (ljhannels for FCO.The X-axis represents the
time (ms) from when the M| task wasstarted, while the Y-axis indicates the frequency from 129Hz. The
color scale impliesthe relative PSDfrom the Ml starting point.

The reason for choosing the ERSP analysis was that there are several advantages
comparedo other analysis methods. First, compared withERD / ERS method, it is possible
to analyze various bands without h-aawidngb t o
bands. Moreover, unlike the tirfieequency analysis, which indicates absolute spectral power,

the ERSP method showed the relaspectral power based on the jiefined baseline (e.g.
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MI starting point), so that the EEG changes after the occurrence of the event can be easily
identified.

The results showed that brain activity induced by A@IQvas more dynamic than that
induced by S@ during the ACT periodin Figure 4.16a), one ERD is seen the beginning of
the MI task, and one ERS at the end of the MI task near the beta band. On the other hand, the
results of FCO showed that ERD and ERS occurred alternately as sh&iguria 4.16(b).
This repetitive appearance coincides with the timing when FCO was repeated three times for
3 seconds, and confisthattherepeated MI tasks induced SMRith repetitive patterns. In
particular, comparing the C3 channels of both figures makes itbpo$3 see the difference
more clearly, because the participant suffers from right hemiparesis.

The FES period was also analyzeddentify the distinct feature&igure 4.17shows
three independent components niermotor cortex foreach condition inading with and
without Ml taskswhen FES was activatedls shown inFigure4.17, little more activepatterns
were foundin Figure4.17 (a) which couldbe utilized to classify two conditionsHowever
FES noise and FE&iven passivemovementvokedSMRs were mixed with voluntariI -
evokedSMRs, making it difficult to find relevant components after ICA in most participants'

results.
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Figure 4.17. ERSPsof ICA componentsf r o m s 8Ob7dieingtthe BES period

(a) Three independent components near motor cortex foresMI under FES, and (b) components fomo-
MI under FES. The X-axis represents timg(ms), while the Y -axis indicates the frequency1-29Hz). The
color scale impliesthe relative PDSfrom the FES starting point.
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4.8.2. Task Performance

Table 4.6 shows the accuraayf each period and classification methdthe period
consists of th&MR, ACT, and FES period, while the classification method includes LDA,
SVM, andtheensemble methodhe accuracy was calculated by averaging th#olDcross

validaion results as defined before.

Table 4.6. Accuracy of each period and classification metha%)

SMR period ACT period FESperiod
LDA SVM Ensemble LDA SVM Ensemble LDA SVM  Ensemble

S01 56.29 56.31 59.17 64.04 65.45 69.51 46.29 50.52 48.03
S02 7431 73.97 76.03 70.23 67.99 73.94 53.71 63.18 58.71
S03 74.28 74.68 76.44 69.30 68.07 70.26 60.00 66.67 62.50
S04 84.06 81.92 83.62 66.40 67.50 70.15 55.05 54.38 53.55
S05 67.90 64.92 67.50 58.75 63.07 64.24 5485 60.23 55.83
S06 67.23 65.51 68.04 70.27 73.64 76.59 53.33 62.73 61.74
S07 75.48 78.23 79.11 66.52 70.27 73.91 58.64 59.85 60.91
S08 75.00 74.50 78.00 70.20 70.02 71.43 73.00 72.18 74.00
Mean 71.82 71.26 73.49 66.96 68.25 71.25 56.86 61.22 59.41
STD 7.61 7.81 7.42 3.78 2.99 3.49 7.20 6.33 7.13

The results of ANOVA are presentedliable4.7 including two main effects. The table
also includepartiald® to measure the effect sizes, the proportions of the variability associated
with an effect comparet the total variance, characterized by small, medium, and large effect
with values of .01, .06, and .14, respectiv@Bphen, 1988; Fritz et al., 2012; Richardson,

2011)
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Table 4.7. Results of ANOVA for theaccuracy

Source DF F-Value Pr>F Parti a
Model 15 11.3356 <.0001***
Period type 2 47.8111 <.000** 0.63066
Classifier type 2 2.1305 0.1283 0.07071
Period * Classifier 4 0.8506 0.4993 0.05728
Subject 7 9.5356 <.000F** 0.54378

*p<0.05 * p<0.01, **p < 0.001

The results shoedthat theaverage accuracieégtweerthreeperiodswere significantly
different (F, s6=47.8111 p< .00001™; dy? = 0.63066, but the main effect of classifigypes
and interaction werenot significant Tuk ey 6 s teStetdl to \@edesmine significant
differences in the main effects bfi period as shown irFigure4.18. The results shoedthat
theaverage accuracy of the SMR perigdssignificanty higher tharthat of the ACT period,
and that of ACT period was significantlygher than that of the FES period. Furthermore, the
results of {test showed that the average accuracy of the ACT period (68.82964 .10, p <
0.001™) was significantly higher thathe true chance levéb7.43%) but the FESperiod

(59.16%; $3=1.17, p = 0.2558as not significant.
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Average accuracy of the period

Figure 4.18. Least sjuares means of the accuracfor each period
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4.9, Discussion

Study 2 investigatethe feasibility of classifying not onlyzclassMI task in a single
hand but also detecting the presence oeVidked SMRs when FES was activated.

Theresults obrainactivity during the SMR periodhowed that the brain signals before
and after staring Ml taskhad different patterns. These distinctive pattemevery important
features that allow the classifier to distinguish the presence of Mis. In addigoestilts of
brain activiy during the ACT periodhowed that the application of two different M| tasks
such as SOG and FCEould evoke the distinct SMiRatures. The ERSfsults illustrate that
the SMR patternsinduced by FC@MI were more dynamic than #t induced by SO®/I.
Furthermore, the number of ERD/ERS pattenas different between two MI tasks, where
SOGevokeda set ofERD/ERS while FCCelicitedrepetitive ERDERS patternsThe ability
of 2-class MI tasks to derive distinct featigecan play animportant role in increasing
classification accuracy. As expected, the results of statistical analysiedlhioat the
classification accurgoof a 2classMI taskwassignificantly higher thathetrue chance level.
Therefore, the null hypothesis of H2Was rejected in favor of the alternative hypothesis
which states thathe classification accuracy to classify &ldss Ml task in a single hand is
significantly higher than the true chance levélisTresult could be extended to &8y R-based
BCI system, as well as othBMR-based FEBCI systems.

However,the results obrain activityduringthe FES perioghowedthat there were
vaguepatterns to visually distinguisbach condition, including witand without MI task,
when FES was actited. Furthermore, the results of ICA slealthat some ofheindependent

components were contaminated by FHE®Iluding electrical noise and FEfiven hand
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movementsThe results of statistical analysis also sadthat the accuracy of the FES period
wasnot significanty higher tharthetruechancdevel Therefore, the null hypothesis of 122.
was not rejected. The reasofor these results aes follows First, the duration of the FES
period might be too short to stabilize the excited brain signato electrical stimulation
Second, electricalrtifacts from the FE$&ight benot completelygrounded by thanti-static
wrist strapapplied to the opposite hand of thiéected forearmvith the FES electrodd hird,
according to the posixperimentguestionnairea few participants mentioned thahile the
FES systemwas in operation, it was difficult to stay calm withomtovemenirelated
imagination Some possible solutions to solve this issuetarasedifferent types of brain
featuressuch as \sual stimuli, or other physical actions, such as cloirgyes.

The resuls of theclassification type shoedthat he average accuracy thieensembe
method was higher than other methobst statistical analysis shad that the difference
between clasification typesvasnot significant.Onepossible reasors thatthe accuracy of
classification among subjects showed a large variation due to the difference in individual
ability. To address this issudhe accuracy of classification wastandardizedwithin
participants, andANOVA analysis was conducted agaifhe results of ANOVA shoedthat
the standardizedaccuracy between classification types was significantly diffefléntes =
3.347 p = 0.0424; ,>¢ 0.10677 as shown inTable 4.8 and Figure 4.20. Therefore, the
modified null hypothesis of H2z8vas rejected in favor of the alternative hypothestsich
states thathe standardizectlassification accuracy dhe ensemblemethodis significantly

higherthan that of LDA.
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Table 4.8. Results of ANOVA for the standardizedaccuracy

Source DF F-Value Pr>F Parti e
Model 15 76485 <0001+

Period > 517093  <.0001%* 0.64872
Classifier 2 3.347 0.0424* 0.10677
g:gggi; 4 1.1536 0.3411 0.07613
Subject 7 0 1 0

*p<0.05 * p<0.01, **p < 0.001

-1

-2

Normalized accuracy of the classifier
=}

Ensemble LDA SVM

Figure 4.20. Least squares means of thstandardizedaccuracy for each period

Different letters above bars show aignificant difference (p < 0.05).

Fromthepose x per i ment questionnai r eThedaraten par t i
of the session was a bit too long aeét me tired. lameasilytreda f t er t.Alerest r ok €
werea few other participants wheerbally mentioned that it was difficult to maintain mental
imaginationwhile minimizing physical movementthroughout the experiment (aroun@ 4

minutes.
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Finally, two classification featuremcluding the userspecificclassifier parameteset
and a probiaility weight for theensemble method wecenstructedThe proposed SMiased
BCI system for FES control includirtgro classification featurewasthen utilized foronline

BCI experimergin Study 3.
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5. STUDY 3: VALIDATION OF THE PRO POSEDBCI-FESSYSTEM

5.1. Objectives

The purposeof Study 3wasto assesshe feasibility of the proposed BEES system
to conducgoaloriented tasks undéne semiasynchronous modgy: (1) classifying a lass
Ml task in a single handnd(2) decoding active and passive SMRsaddition, the effects of
the existence of electrical stimulation during MI tasks -5 vs. Yed~ES) and the
application of the adaptive learning method (befesrning vs. aftefearning) on task
performance wer also assessed.

In order to achieve the purpose, participants were askedrductan online BCI
experiment to perform predeterminedcetof actions represeing commonADLS, such as
movinganobject.The sequencef the taskss as followsj1) open d&and as a preceding action
to catch an objecsuch assmallball; (2) return to comfortable hand position from extension
by stopping FES(3) grabthe ball with enough strengt) hold the balland(5) drop the ball.
Participants were asked to perform sesjuential tasky using the proposed SMBased BCGI
controlled FES systenThe user specific parameters identified in the previous experiments
were set as parameters of FES and BCI classifiers.

After the online BCI experimenthe brainsignak werealsoanalyzedo find features
that distinguisbdbetweersuccessful and failed trials characterizéeatures from those who
performed wellandto investigateéhe characteristics ®EG signalsmeasued insynchronous

and asynchronousxperiments.
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5.2. Methods

5.2.1. Participants

The same patients whaarticipated in Study 2ontinuel this experimengeither aftera
20-minute break or when the participafst ready.Any patients who were displeased with

theexperimentould cease at any timeytno one had chosen to withdraw.

5.2.2. Apparatus

To mimic ADLs, participants were asked btwmld, move, and releagesmallball from
an initial position to a target positiduy utilizingthe propose®&MR-based BCicontrolled FES
system. Theriitial and targepositiors of the ballweresetwithin the comfortable distance in
front of participantsThe distance between the initial and the targetipositasset to10 cm.

The entire experiment procedure was videcorded fofurther analysis.

5.2.3. Experiment Mode

There are two differentnodes of experiment that are mainly applied in BCI studies
(Pfurtscheller & Neupe001) The firstmodeis asynchronous, cubasedexperimenivhich
is the same type of experiment performed in Studly thistype ofexperiment, the participants
are usually providewith visual, auditory,or tactile cues and perform tasks accordingly ia
fixed time interval. Afterward through the offline analysis, the measured brain signals are

divided into groups according to the spandthe brainfeatures representing each group are
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extractedClassifier parametsiare hengenerated to best distinguish each group based on the
features.

The second mode an asynchronouselfpacedexperimentvhere the users perform
a taskat their own paceather than following the cue¥he advantage of the asynchronous
experiments thatthe BCI system can be mamsalistic and flexiblebecause it allows the user
to perform the desired operatiattheir own pacgTonet et al., 2006)t would be veryuseful
for patients to be able to control the impaired bsdielythroughMIs. However, since it is
difficult to know whenthe user performed MI tasks, the asynchromoadehas ecritical issue
such that the classificati@ctcuracy is low dut thehigh false positiveatio (Ortner, Allison,
Korisek, Gaggl, & Pfurtscheller, 2011ue to the low accuracy of the Ml tasiecause of
the high false positive ratio, it is somewhat difficult to perform experimentgatients in a
completely asynchronousituation As a resultaasynchronous BCI resear¢tas not been
studiedasmuch compared teynchronous BCilesearcl{Lotte et al., 2007)

More training in synchronousexperimentscould help to solve this issue, but leng
lasting BCI training is not easy for participants with impaired physicahditions(and/or
mental conditions such as attention deficits after stroke andsii&i¢ itrequires participants
to st downand focuson repetitive mental taskghile minimizing movementr~urthermore,
the results obynchronousxperimentsare notalways guaranteetb bethe sameaesultsas
those of asynchronoexperimers. This is due tacuedifferenceqYes vs. No)analysis time
differenceqfixed vs. variable), and the nature of brain signals which hav&staionarity and

inter- and intravariability (NicolasAlonso & GomezGil, 2012)
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Alternatively, we can consider increasing the accuracy through more practice in the
same environment as thasynchronous moddutthere arealsothe following issues. First, it
is difficult to know whenthe patient has successfully performed Mis knowing this
information isessentiato categorizehe EEG signadinto two group(Yes SMR vs. NeSMR)
to initiate the FES systenSecondjf the erros, either false positive or false negative, are
accumulatedthe participantsvill be easily confused and frustrat&dnally, anadditional time
requiredto correct the erroneous movements will increase the duration of the experiment, and
we shouldakeinto consideration that prolonged FES may increase muscle fatigue in patients.
Thus, in this experimeng semiasynchronous moder performing a fixed sequence
was proposedThis modehas three important featurédsat combire the advantages dfoth
synchronousind asynchronousnodesas follows:(1) afixed sequence of tasks to clarify what
the usemeeded talo; (2) errorfree resuls to preventparticipantsfrom being confused or
exhaustedand(3) initiating the FES systerny detectingSMRssimilar tothe asynchronous
mode. Under the proposed seasiynchronous mode, participaniould be free from
confusionand frustratiorwhile using the SMPbased BCicontrolled FES systemt theirown
pace Furthermorethe experimenter can enhance thesifastion performance by adjusting
the classifier parameters using the most recently measured brain signals under thedsoode
known as adaptive machine leaing (Pfurtscheller & Neuper, 2001; Vidaurre, Sannelli,

Muller, & Blankertz, 2011; Wolpaw & McFarland, 2004)
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5.2.4. Procedure

Participantswereasked taconductthefixed sequenc#ll tasksaccording to a specific
goal.Figure5.1shows the sequence of tasks that participants were asked to perform. The BCI
tasks consisd of (1) opening the hanavith FCO Mis similar to the previous study(2)
stoppingFES systenby notimagining any actiosimilar tof ®p imaginatio; (3) grasping
aball with SOGMIs; (4) moving theball to the target positiowithout going through the BCI
systemand(5) holding theball on the target positioby continuouslyimagining SOGIn this
experimentpatients were asked to perfoathtasks agjuickly as possibleexcepthe6 h ol di ng
the ball é task whi ch ssingthebppropricadsiis trameslinthe ng as

previous experiment.

Open a Approach toa
hand by BCI ball by user SLLAARI7EE
Grab a ball Move to the Keep FES to hold
by BCI target by user the ball by BCI

Figure 5.1. Sequence of theredefinedtasksin Study 3

In Figure 5.1 the colored boasrepresent the taskhat the participant should perform
through the BCI system, and the white bsrepresent the taskhat the participanvasasked
to perform withoutusingthe BCI system. Thgreen boxes on the leftdicateMI tasks without
FES and the blue boxes in the middieow thetasks performed under FES. The following

describs each stephatparticipans were asked tperformin detail
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Step 1i Opena hand

First, participanswere asked to perform the opening Ml task by imagining E@ded
in the previous experimenOncethe BCIl system detecteah FCOrelated SMRthe FES
system was activated fanopening motiorof 5 seconddf the systendid not detecthe FCO
related SMR inthe maximum analysis time (6 secondf)en the system was automatically
started so thathe experiment timelid not increasexcessivelyAfterward, the participarg

wereasked to movéheirhand neaaball to be ready tgrah

Step Zi Stop FES

After five secondsthe participants were asked to stop the FES sysisnsoon as
possible without imagining any motiaimilar to i ®p imagination in Study 2. When the
BCI system detected the absence of MI, th8 §§stenstopped workingTo prevent excessive
muscle fatigue and discomfort,pérticipants could not stop the FES systerthemaximum
analysis timethesystemautomatically stopped operatirigarticipants were then given a-10
second break to stabiézexcitedbrain activity from the physicalmovemens and electrical

stimulation andthe BCI systenalsostoppedclassifyingbrainsignalsduring the break

Step 3 Grababall
After the breakthe participants were askeddonduct theSOGMis to grabthe ball.
If an SOGrelatedSMR wasdetectedihe FESsystemwasactivated for graspinmotionfor 5

seconds, and theyereasked to move thieall to the target position withib secondsSimilar
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to Step 1, if the system did not detect the S@lated SMRn the maximum analysis time,

then the system automaticaitytiated grasping motian

Step 4i Hold the ball

After the participarghadmoved theball over to the target position, théyedto keep
holding theball for another 5seconds. To hold theall, the grasping SMRshould be
maintainedwhen FES was activated for graspindf the grasping SMR was successfully
maintained during the maximum analysis time, the FES system automatically stopped for

safety.Thiswasthe task sequena# this experimehnecessaryo complete one trial

Participantsvereasked to condudtvo sets of the sequential tasks in each tmilich
lased until all taskswerefinished.Figure 5.2illustrates the rules, Ml tasks, and sequence of
the tasksA total of 20 trialswere conducted during the experiment as shown in Figure 5.3.
The completion time varied due to the different performance levels between partjdijpeints

the average completion time was around 40 minutes.
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[ Nosp(s) |
I MI Task | | Opening |
| Open | | Approach |

Status

- @
Q- @

| Auto Rest after 5s ‘

Rule |
| Grip |

Status |

[ Hold |

| NosP (5s)|

| Rest ‘

Repeat two times

Figure 5.2. Sequence of the tasks with rule (in secor®)l Ml tasks, and status
A red circle presentsthe ball and a green circleindicatesa target position. SPindicatessignal processing.

Sl 1st trial 2nd trial
No-FES | Yes-FES| No-FES | Yes-FES| Rest{ No Yes | No Yes
MI Task Open Stop Grasp Keep (10s)| E G H R
1 1 1 1 1 1 1 1
.NBEFE]l 6m YAyOo X
. Sth trial 10th trial
Session 5
No-FES | Yes-FES| No-FES | Yes-FES| Rest| No Yes [ No Yes
SMR Task Open Stop Grasp Keep (10s)| E G H R
1 1 1 1 1 1 1 1
Break (1 min), and applying adaptive learning
. 11th trials 12th trial
Sesison 6
No-FES Yes-FES| No-FES Yes-FES| Rest| No Yes | No Yes
MI Task Open Stop Grasp Keep (10s)| E G H R
1 1 1 1 1 1 1 1
.NBEF]l 6m YAyOo X
. 19th trial 20th trial
Session 10
No-FES | Yes-FES| No-FES | Yes-FES| Rest| No Yes [ No Yes
SMR Task Open Stop Grasp Keep (10s)| E G H R
1 1 1 1 1 1 1 1

Figure 5.3. Experimental design of Study 3
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5.3. Signal Processing

5.3.1. Signal Acquisition and Preprocessing

The signal acquisitioand preprocessing procedures wielentical toStudy 2except
the artifact removal and ICA procedurbecausethese procedurs require additional
computatiomal timesandvisual inspections that anet suitabldor reattime experimerg(Jung

et al., 2000)

5.3.2. Feature Extraction and Selection

In this studytheCSP and ERD/ERS features used tsgrcific CSP projection matrix

and ERD / ERS weighted matrix obtained as the resuttseafffline analysis of Study.2

5.3.3. Classification

For the online classificatiorthe ensemble method was utilized as tesults of the
previous studghowed that performance thieensemble method was significgnigherthan
theLDA method During the 20minute break after Study 2, usgvecific clasdier parameters
including weight vectors for each classifier were determinetheiaffline analysis.

During the online experiment, EEG signals were categorized as three psndds
to Study 2including the SMRperiod (to detect the SMR features tdiate the FES system)
the ACT period (classifyinglifferentMIsincluding grasping and openin@ndthe FES period
(to either keep or stofhe FES system)One difference was that the incoming signal was the

same, but the role was changed according to the current goal. For example, if the current status
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istotry to performanopeninga handthen the current period is defined as the SMR period. If
the SMR fature is detected, then the roletbé same EEG dataset is changed to the ACT
period. Therefore, detecting SMRand classifying a2-class Ml task are performed
sequentially However, if SMRrelated brain featuremrenot detected, the current role is not
changed and the SMR period is maintained. On the contratariet role either grasping or
opening isnotdetected during the ACT period, then the current statsstizack to the SMR
period.When the BCI system detedsly thetarget role from the &T periodthe FES system

is activated according to thiecisionfrom the BCI system.

5.3.4. Adaptive Learning

When participants completed the first 10 triathe adaptive learning method was
applied to adjustlassifierparameterdMany different adaptive leaing methods are available,
and the advantages and computational totheach methodiary. More elaborateadaptive
learning methodsnight yield higher accuracy,but they requiremore computational time
(Vidaurre et al., 2011 Adaptive learning methodsan bedivided intotwo groups, supervised
and unsupervised learnifgidaure, Kawanabe, Von Blnau, Blankertz, & Muller, 20143
the names imply, supervised learnirgguiresthe class informationwhile unsupervised
learning does noAs Vidaurre et al(2011)recommendddue toeag andgood performance
Pooled mean (PMean) adaptive estimanogthod was chosen, and tegquation ofPMean
estimation is shown iEquation5.1. Since his methods the unsupevised adaptive learning

method, it can alsbe utilizedin the asynchronous mode.
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Equation 5.1. Pooled mean(PMean) adaptive estimation
pe = (1 —n)pe—1 + nay w0 = —w?! (pee)

where
WO = the bias of the classifier at trial t
d = the updating coefficient (0.1)
x: = the new feature obtained at trial t

5.4. Independent Variables

In this experimentfwo IV sweremanipulatedanFES existence typ&p-FESvs. Yes
FES andalearningtype peforelearningvs. afterlearning. The FES existence type indicates
the existence of electrical stimulation durikid tasks andhas two levelsNo-FES ppening
and grasping, &ps 1 and 3, respectivgland YesFES 6top and keep, steps 2 and 4,
respectively. The learningtype indicates theapplication ofthe adaptive learning method
during the experimentnd thdearning typealsohas two levelsBeforelearningand After-

learning Thetwo IV's aresummarized imable5.1

Table 5.1. Summary of IVsin Study 3

v Levels
] No-FES YesFES
FES existencgype . .
(grasping or opening (stop or keep
Learningtype Beforelearning After-learning
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5.5. Dependent Variables

DVs werecategorized into three types of variables same as the first experBraint:
activity, task performanceand subjective assessmenfask performance and subjective

assessmenterethenstatistically analyzewith ANOVA tess.

5.5.1. Brain activity

The brain activity analysis was applied to validate and represent the SMR brain features

with relative band power during NEES and Ye4$-ES periodsimilar to Study 2.

5.5.2. Task Performance

Completion rate(%)

A completion rates defined asiow quickly grasping, opening, and stop Fifferation
have been performed, or how long it has lasli@tihg the keep FES tagKuiken et al., 2009;
Wodlinger et al., 2015For examplethe completion ratewill be 100%if the predetermined
MI tasks to be performed succeeds in only one atte(@pecond). However,if the target
SMR cannot be performdabforethemaximum analysis timg seconds)thecompletion rate
would be 0%. On the contrary, in the case effgrming the keefsMR taskthe SMR must
be mantained for 6secondsthe maximum analysis tim, to achieve 100% completion rate.
As the completion ratevas calculated based on elapsed tithecompletion ratewvashighly

related to the completion time. Lewcompletion rateresultsin longer completion time.
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Therefore,the completion ratewas anajzedrather tharthe completion time which cannot

representhe keep FEStask.The mmpletion rate can be calculated bguation5.2.

Equation 5.2. Completion rate (%)

Maximum Analysis Time Elpased Time

Completion Rate= - —
Maximum Analysis Time

except keep FES task.. (a

_ Elpased Time
Maximum Analysis Time

for kedfES task N (

Accuracy(%)

The successful task implies that the tieldks wereperformedwithout error However,
in the case o$emtiasynchronous and asynchron@xperiments rather than tirkeckedand
cuebased experiments, the definition of error is not clear. This is because if the operation does
not occurbecause the SMiRelated features are not detected during the SMR pdtitzia
delay rather than an errarquiring additional work to be corrected. Alsioie tothe nature of
the asynchronous experiment, it is difficult to distinguish whether the delagmeddue to
a failure to implemenmis. However, from another point of view, it is difficult to ddi this
as a successful task performance if the delay caused by Ml induction failure is long enough to
affect BCI performanceTlherefore, the accuracy in this experimesats definedas follows;
(1) if an incorrect decision was made during SMR periedrfo SMRwasdetecting), then it
belongs toa delay untilthe maximum analysis time (§econd} (2) if an incorrect decision
was made during ACT .@. hetargetactionwas6é o peni ng 6, but cl assi fie
vice versa)then it belongs to an ema@and(3) if an incorrect decision was made durkgS

periord{ . e. the action should be 6keepd, but <cl a
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to an errorThe structure of thelassification algorithmsitilized in this studyalsoagreeon
thisargumentpecauseven if it fails to detect the SMR function, it is not necessary to correct

this error, but only a delay of 1 second occurs.

Sensitivity

Confusion matrix analysis, also known as contingency tables, was conducted to analyze
correct sitive and false positive ratésicNicol, 2005) The number of misclassifications
was analyzed througkhe offline analysisafter the semasynchronous experiment was
finished In this experiment,ie definition of correct andrror are set Is®d onthe definition

of accuracy

Information Transfer Rate

Many BCI studies have utilized Information Transfer Rate (ITR) to evaluate
performance of BCI systems which can convey the amount of information per time
(bits/minute) in terms of the accuracyda speed(Wolpaw, Ramoser, McFarland, &
Pfurtscheller, 1998)When applying ITR, the equal probability of error assumption should be
considered to prevent unexpected res{iitoompson, BlairfMoraes, & Huggins, 2013)The
eqguation to calculate ITR is shown lHguation5.3. From the equation, the number of bits
transferred per trial (B) can be obtained, then ITR can be calculated by B/T, isetiee
duration of the trialThere were a total cfix targets in this experimenS§R detecting for
opening, openingMR, stopSMR, SMR detecting for grasping, graspi8lyiR, and keep

SMR. In order to determine the duration of each trial to calculate ITR, trewaiting time
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given in the middle of the task was included as the time required for the experiment but did

not include the 1@econd preliminary time given before the start of the experiment.

Equation 5.3. Equation for the number of bits/trial

1-P
B =log, N + Plog, P+ (1 — P)log, (I_\:, ])

ITR =

—lm

whereN = the number of targetB = the accuracy of trial’ = the duration of each trial

5.5.3. Subjective Assessment

NASA-TLX

When participants completed the experiment in $8jdheywere asked to answer the
NASA-TLX questionnaire to measure the subjective mental worldaate as Study @Hart
& Staveland, 1988)The results of studies were then analyzed to compargeban the

subjective mental workload betwetwo experiment irStudies 2 and.3

Survey

After the experiment,participans were asked to completa postexperiment
guestionnaire including overall satisfaction of the styysonal opinions and asyggestion
for future research studie$he results of the survey were summarized in the discussion

section.
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5.6. Experiment Designand Statistical Analysis

The objectives of the statistical analysigere to test the feasibility and task
performanceof the propsed SMRbased BClcontrolled FESystem undea fixed sequence
for each taskTo validate the proposed system, performance of participeagsevaluated
according tacompletion rateaccuracy, sensitivity, and ITRh Study 3anANOVA testwas
conductedo evaluatehemaineffect of 1Vs, such ateFES existence typgndlearningtype,
and interaction effects between two 98 task performanceith participant as a blocking
variable Equation5.4 and Table 5.2 show the ANOVA model andF of the model

respectively

Equation 5.4. ANOVA model in Study 3
Y =m +a +b @+ gqb B+

Where

i = 1, 2 indexes the FES existence type (yes vs. no)

j =1, 2 indexes thiearning type (before vs. after)

yiik is task performancef j learning typeduringi existene type
€ is a reference level

U's are the main effects tife FESexistencdype

b's are the main effects tifelearningtype

B« is the blocking factors of subjekt

(Ub¥y are the i theFES existanceper ldaraingiypee n
“ik=N( 03 G

Bk ~ N(O, 0%
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Table 5.2. DF in Equation 5.3

Source DF
FES existencéype 1
Learning type 1
Existence xL.earning 1
Subject 7

Error 21

Total 31

ANOVA, two parametric assumptions were assessed irP{BIRS institute Inc., Cary,
NC) similarBefore conductingo Studies 1 and 2. The resultsTiable5.3 showed that data
satisfied the assumptions of both homoscedasticity and normality of residibalsesult
showedthat all DVs did notviolate the ANOVA assumptionsso two-way ANOVAS were

conducted

Table 5.3. Resulis of homoscedasticity and normality test for Study 3

(Normality) (Homoscedasticity)
c letion at W =0.978031 Fs3,26=0.1628
ompletion ate
P p=0.7406 p = 09205
W =0.957758 F3, 26 = 0.0692
Accuracy
p=0.2383 p =0.9759
o W =0.94603 Fs, 2= 0.1603
Sensitivity
p=0.1111 p =0.9221
R W =0969841 F3 28=1.3495
p =0.4950 p =0.2785
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5.7. Results

5.7.1. Brain Activity

After the experiment, brain activity of each subject was analyzed to identify the SMR
related brairfeaturesn the semiasynchronous experimentinlike the experimestin Study
2, brain signals werenly preprocessed with the bapédss filtering method (29 Hz), buthe
automatic artifact rejectioandthe ICA procedurg were not applietbr identifying the same
brain features used in the online experiméigure5.4 showsthatthe ERSR of C3 and C4
from Subjects 0SO05 &ESperidd. ReSveréical linksiindicateghe onkee N o
of FES after detecting and classifying SMRs. Thaxs representhe time in secondsefore
the FES was activatethe Y-axisindicateshe frequency (29 Hz), and the color map shows
the relativePSD

Sine subject 6S056, suffers from | eft hem
hand, the ERSP of C4 shows more dynaon&n activitycompared to that of C3 as shown in
Figure5.4 (a). Similarly,Figure54s hows t he ERSP of C3 and C4 f
suffers from right hemiparesis, and the results showed th&Mferelated features occurred
in thecontralateral motor cortex, C@hile the ipsilateral motor cortex did not show dynamic
brain activity. In addition, the SMR patterns induced by MI tasks were less distinctive
compared to Study 2, because the EEG signals aligned with respect to the onset of FES after
detecting and classifying SMRs. Thus, the ERD / ERS patterns were dispersed because the

timing of MI tasks was different for each trial.
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Figure55s hows t he ERSPs of C4 from Subj

YesFES period nc |l udi mES6é K e & & Sréals. Red vertical lines indicate the
onset of FES, and block vertical dotted &ineepresenthe end of ramp time. The-Xxis
indicatesthe time in seconds$efore and after the onset of FES (at the red vertical)|ities
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5.5(a) displays the ERSPs of @dtht h e BB&e etpr i aFiggre5.5 ()hlustragesthat

witht he KESOt ap i als. As seen in the fi

notdistinctive due to FES artifacts and FHSven passivanovemerntevoked SMRslthough

Il ittle more active pat FES ntsr iwelre f ound
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Figure 5.5. ERSPs of C4 fromS u b j e ¢ duringy $1€ Yie®FES period

(a) ERSP deepkBE®gialst (b)) R&WP d utopi FESptriads sRed vertical lines indicate the
onset of FES, and block vertical dotted lines represent the end of ramp time. Theakis indicatesthe
time in secondsefore and after the onset of FES (at the red vertical lines), the-#xis represents the

frequency (1:29 Hz), and the color map shows the relativBSD.

5.7.2. Task Performance

Table5.4 summarize thecompletion rateof eachtask.As thegoalo fkeepF E Svas
to maintain graspin§ES as long as possible bgntinuing SOGMI tasks thecompletionrate
of &eepF E Sa@s calculated byEquation5.2 (b). The results showedthat the average

completion rate oéach taskncluding@raspingd®peningdkeepFES6 astoplFESS wer e
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55.94%, 53.446, 62.08%6 and 57.7%, respectively. Thereavere some excessive values

bet ween subjects, S u mpeningds atchtei ocno stilpelaté S8uobnj ercat
andsubjecth 830 83r3IB and29.2%, respectively. Furthermorejthin the participant, there

werelarge variations in the completion rate. For exam$idyject'S04' showd the highest

completion ratg95%) fort he 6 st o pmoRgEab the particpdntbut that fordeep

FESSwasthe lowesicompletionrate(13.3%0).

Table5.4. Averagecompletion rate for each task(%)

Grasping  Opening NO-FES Keep Stop YesFES Grand
Average Average Average
S01 71.7 70.8 71.3 31.7 68.3 50.0 60.6
S02 71.7 60.8 66.3 26.7 70.0 48.3 57.3
S03 38.3 29.2 33.8 40.0 84.2 62.1 47.9
S04 42.5 93.3 67.9 13.3 95.0 54.2 61.0
S05 78.3 50.0 64.2 90.0 71.7 80.8 72.5
S06 73.3 72.5 72.9 52.5 59.2 55.8 64.4
S07 45.0 55.0 50.0 68.3 225 454 47.7
S08 65.0 90.0 77.5 51.7 40.0 45.8 61.7
STD 15.0 19.8 134 22.9 21.8 11.0 19.9
Average 55.7 65.2 63.0 46.8 63.9 55.3

The average completion rate thekeepFESS twasoker than other values, and
t he r eas onkeepRESt ht aagsitet dix esucaessive successks obtain 100%

completion rate, whilether task®nly needed the firdime success.
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Table5.5 shows the average completion redeeach IV.The results showed that the
average completion rate tie No-FES periodwas higher than that othe YesFES period
similar to experiment.Zurthermore, the average completion rate after applying the adaptive

learning method was higher than before.

Table 5.5. Average completion rate of eachV (%)

BeforeLearning After-Learning

No-FES YesFES  Average No-FES YesFES  Average Grand
S01 71.7 49.2 60.4 70.8 50.0 60.4 60.4
S02 57.5 39.2 48.3 75.0 48.3 61.7 55.0
S03 44.2 62.5 53.3 23.3 62.1 42.7 48.0
S04 55.8 49.2 52.5 80.0 54.2 67.1 59.8
S05 58.3 72.5 65.4 70.0 80.8 75.4 70.4
S06 73.3 50.0 61.7 72.5 55.8 64.2 62.9
S07 40.0 43.3 41.7 60.0 45.4 52.7 47.2
S08 46.7 61.7 54.2 45.0 65.0 55.0 54.6
STD 11.38 10.41 7.19 17.80 10.73 9.26 7.25

Average 55.94 53.44 54.69 62.08 57.71 59.90

Theaccuracy of each taskshownin Table5.6. Theresults showethat the accuracy
of the No-FES periodwaslittle higher than that dhe YesFES period but the differences
were not large. Theraas some evidence that thassifiers might be biasl to a certain
direction b80664d enda el kdeji-&EdHta ywh 6 | edd4Banded te say

Gstop FESO
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Table 5.6. Accuracy of each task (%)

Grasping  Opening NO-FES Keep Stop YesFES Grand

Average Average Average
S01 60.0 55.0 57.5 50.0 45.0 47.5 525
S02 65.0 55.0 60.0 35.0 55.0 45.0 525
S03 30.0 35.0 325 50.0 60.0 55.0 43.8
S04 40.0 85.0 62.5 15.0 80.0 47.5 55.0
S05 70.0 45.0 57.5 90.0 45.0 67.5 62.5
S06 70.0 60.0 65.0 60.0 55.0 57.5 61.3
S07 35.0 50.0 42.5 75.0 10.0 425 42.5
S08 65.0 70.0 67.5 65.0 10.0 37.5 52.5
STD 15.5 14.3 11.2 21.8 22.6 8.9 6.7

Average 54.4 56.9 55.6 55.0 45.0 50.0

Table5.7 shows theaccuracy of eaclV, and the results showed that the accuracy of
each FES conditioincreasedafter applying learning. It indicates that the adaptive learning
procedure enhanced tloentifiability of both classification algorithenBetween two periods,

the improvement afhe No-FES periodvashigher tharthat of the Yed-ES period.

Table 5.7. Accuracy of each IV (%)

BeforeLearning After-Learning

No-FES YesFES Average No-FES YesFES Average Grand

S01 55.0 45.0 50.0 60.0 50.0 55.0 55.0
S02 50.0 30.0 40.0 70.0 60.0 65.0 65.0
S03 30.0 55.0 42.5 35.0 55.0 45.0 45.0
S04 55.0 40.0 47.5 70.0 55.0 62.5 62.5
S05 50.0 55.0 52.5 65.0 80.0 72.5 72.5
S06 60.0 55.0 57.5 70.0 60.0 65.0 65.0
S07 30.0 40.0 35.0 55.0 45.0 50.0 50.0
S08 65.0 40.0 52.5 70.0 35.0 52.5 52.5
STD 12.1 8.7 7.0 11.4 12.2 8.7 8.7
Average 49.4 45.0 47.2 61.9 55.0 58.4 58.4
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Table5.8 shows the sensitivity, specificity, and PPV of each task.hgher sensitivity
indicates the abilityts ay 0 Yes & wh e actuallyo &spa nrnshwdre vwasgher s
impliesthe abilityto sayo No 6 when t he (Giqus kvanek, KlaabeBagdito 6
Connor, & Gabriel, 1985)n the table, Positive and Predictive Value (PPV) ind&thte ratio
of true positives to the summation of true and false positWaés.this analysis, the sensitivity
of each subjeavasanalyzed as a performance critgtiAs shown in the tables, many results
were biaed towardsone classF o r exampl e, the resulte of S
participantmore likely sédd 6 Y @ san h dNoand t hi s tendency <coul
postive rate. Furthermore, the decisiomsring theYes-FES periodwere more biasd than
that oftheNo-FESperiod and it would cause more errohs this cae,althoughthe accuracy

of one classs high, it cannoguarantee the overaltcuracys also high

Table 5.8. Sensitivity, specificity, and PPV otwo IVs (%)

0Sens 6 thesdeincsaitteisv i timypliesthensdecificip e ¢ 6

BeforeLearning After-Learning
No-FES YesFES No-FES YesFES
Sens Spec PPV Sens Spec PPV | Sens Spec PPV Sens Spec PPV
S01 | 50 60 56 50 40 45 60 60 60 40 60 50
S02 | 30 70 50 40 20 33 80 60 67 70 50 58
S03 | 40 20 33 60 50 55 30 40 33 60 50 55
S04 | 90 20 53 80 0 44 80 60 67 80 30 53
S05 | 30 70 50 30 80 60 60 70 67 60 100 100
S06 | 60 60 60 30 80 60 60 80 75 80 40 57
S07 | 40 20 33 10 70 25 60 50 55 10 80 33
S08 | 70 60 64 10 70 25 70 70 70 10 60 20

Avg | 51 48 50 39 51 43 63 61 62 51 59 53
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Figure5.6 shows four ROC curves for each IV combination. As shown in the figure,
performance of a classifier undeeYesFESconditionbefore applying adaptive learning was
less than 50% (shaped asder curve), whilehe No-FES period afteapplying adaptive
learning showd the greaterclassification ability.Furthermore, after applying the adaptive

learning method, the accuracies of both FES existencs itygease.

Before After
100 / 100 /
80 80
(7]
> >
Y | £e £ 60 P
Sk -
2 E 40 é 40
20 20
0 0
0 50 100 0 50 100
1 - specificity 1 - specificity
100 100
80 80
i z
L s 60 3 60
a E 40 E 40 /
Q % ]
> 20 20
0 0
0 50 100 0 50 100
1 - specificity 1 - specificity

Figure 5.6. ROC curvesfor two IVs

Table5.9 shows the ITR of each 1V, and ITR values increased a little bit after applying
the adaptive learing method, but the differeneeas greatThe results of TR also indicated
that performancefdhe proposed SMFbased BCI system fell into tleerage ITR ranges (10

T 25 bit/min)(Wolpaw et al., 2002)
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Table 5.9. ITR for each IV (bit/min)

BeforeLearning After-Learning
Grand
No-FES YesFES Average No-FES YesFES Average

S01 13.12 12.71 12.91 12.87 13.03 12.95 12.93
S02 11.81 14.13 12.97 12.24 13.47 12.86 12.91
S03 10.80 12.39 11.60 14.03 9.53 11.78 11.69
S04 11.68 15.91 13.79 14.96 14.03 14.50 14.14
S05 11.88 10.69 11.29 10.47 12.95 11.71 11.50
S06 13.29 10.10 11.70 13.29 13.20 13.25 12.47
S07 10.52 10.10 10.31 9.40 12.03 10.71 10.51
S08 13.47 10.52 12.00 11.10 14.03 12.56 12.28
Avg 12.07 12.07 12.07 12.29 12.78 12.54 12.30

An ANOVA was also performed to test the main effects of thegexistence of FES
and the learning type, and interacsdretween IVswith participant as a blocking variabde
the completion rateand ITR, separatelyAs shown inTable5.10, there wereno significant

main and interaction effecter both model

Table 5.10. ANOVA results for the completionrate

Source DF F-Value Pr>F Parti al
Model 10 15284 0.1979
FES Existence Type 1 2.5584 0.1246 0.1086
Learning Type 1 2.2875 0.1453 0.09823
FES * Learning 1 0.003 0.9571 0.00014
Subject 7 1.4907 0.2243 0.33195

*p < 0.05, ** p < 0.01, **p < 0.001
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Table 5.11. ANOVA results for ITR

Source DF F-Value Pr>F Parti al
Model 10 1.6524 0.1595
FES Existence Type 1 0.2146 0.6479 0.01012
Learning Type 1 0.7999 0.3813 0.03669
FES * Learning 1 0.2191 0.6446 0.01032
Subject 7 2.1844 0.0785 0.42134

*p < 0.05,* p<0.01, **p < 0.001

An ANOVA was alsoperformedto test the main effects of IV#he existence of FES
and the learning typand interactiosbetween IVswith participant as a blocking variatbba
accuracy Table5.12 showsthat there weresignificant differencein learning type(F1, 2 =
8.2273 p = 0.0097"; ,?¢ 028149, but the main effectof the FES existence typand
interaction effect werenot significant In addition, T u k ey 6 s H S Dforpasthoct est e c
analyss as shown imable5.13, and the results showed that the average accuracy dbeng
No-FES period after applying adaptive learning was significantly higher than that during the

YesFES period before applying adaptive learning.

Table 5.12. ANOVA resultsfor accuracy

Source DF F-Value Pr>F Parti al
Model 10 2.2041 0.0611
FES Existence Type 1 2.0568 0.1662 0.08921
Learning Type 1 8.2273 0.0092** 0.28149
FES * Learning 1 0.1016 0.7531 0.00481
Subject 7 1.6651 0.1722 0.35692

*p <0.05, ** p < 0.01, **p < 0.001
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Table 5.13. Resultsof Tu k e y 6

HSD

test

Level

Least Square Mear

No-FES, Adaptive A

YesFES, Adaptive A
No-FES,No adaptive A
YesFES,No adaptive

0.61875
0.55000
0.49375
0.45000

An ANOVA was also performed to test the main effects of IVs and interastion

between IVs irthe sensitivity. A& shown inTable5.14, the average sensitivities betweers|V

were significant different, buhere wereno significant differencein any effectsexcept the

blocking factors The resuk of the posthoc analysis also did not show any significant

difference for all 1Vs.

Table 5.14. ANOVA resultsfor the averagedsensitivity

Source DF F-Value Pr>F Parti al
Model 10 2.3480 0.0478*
FES Existence Type 1 2.9741 0.0993 0.12405
Learning Type 1 2.9741 0.0993 0.12405
FES * Learning 1 0.0082 0.9285 0.00039
Subject 7 2.5033 0.0489% 0.45488

*p < 0.05, * p<0.01, **p < 0.001
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5.7.3. Subjective Assessment

NASA-TLX

To analyze the subjective mental workload changes between the two BCI experiments
in Study 2 and 3the participantswere asked t@answer the NASATLX questionnaireafter
each experimer(Hart & Staveland, 1988 able5.15 showsthe NASA-TLX scores oboth
experimens for all subjects, and the results indichtbat most ofthep ar t i anemqgah nt s 0
demand, temporal demand, effort, and frustration score incré@asbe second experiment

compared to the firgxperimentwhile peformance decreased.

Table 5.15. NASA-TLX scores between two experiments

Experiment [I)\/é ?TT:;I d ngﬁ):rzgl Performance Effort Frustration
S, w1 s 11
s, % n . 1w
® ;% 1w 1 1 1
T S 2 v
s, a1 i oz
s, 1. 4 6 1
=2 R A
R R -
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To test thesignificance of the differences between the experiments, étatieal
Student's-test was performed with the differencasafes of the second experiménscore
of the first experiment)f each questiarrable5.16 shows that mental demandd frustration

increasedsignificantly, while performance significantly decreased compared to the first

experiment.
Table 5.16. Results oft-test for eachquestion
Estimate STD t Ratio Pr> |t|
Mental Demand 3.5 1.4516 2.41 0.046F
Temporal Demand 3.125 1.574773 1.98 0.0876
Performance -4.25 1.485044 -2.86 0.0243*
Effort 0.25 1.346291 0.19 0.858
Frustration 6.25 1.644797 3.8 0.0067*
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5.8. Discussion

In Study 3 thefeasibility of theproposedSMR-based BCI control FES systemwas
validatedwith strokeand TBI patientsin the semiasynchronougxperiments Participants
conducedthepre-determined taskisy following a fixedsequence, such apening, stopping,
grasping, holdingmoving, and releasingsmallball by usingthe proposedSMR-based BCl
controlled FES system. To evaluate the proposed sy#temaffects of two IVs (the existence
of FES and the application of tladaptivelearning) on task performance (completion rate,
accuracy, sensitivity, and ITR)ereassessedNASA-TLX scores from experiments in Studies
2 and 3werealso compared to analy#tee changes dhe subjectivenentalworkload between

the two experimes.

The feasibility of the proposed BEFES system

Study 3 investigated the feasibility of the proposed-BES system under the semi
asynchronous mode not only for classifying-ael@s Ml task in a single hand after dxieg
the existence of SMRBut ako for detecting the presence of-Blloked SMRs when FES was
activated.The results showed thtte classification accuracy afhe NGFES perioddetecting
the existence of SMR armtassifying a ZlassMI taskin a consecutive mannefterapplying
the alaptive learning metho(1.9% t = 2.71, p = 0.0301was significantly higher than the
true chance level (515% with 10 trials forboth detecting SMR and classifying &lass Ml
task). However, the classification accuracyief NeFES periodefore applying the adaptive
learning method49.4%)was not significantly higher than the true chance level (53.77%). In

addition, the accuracies afecodingvoluntary and passive SMRs for both learning types
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(45.0% and 55.0%as not significantly highdahan the true chance lev@heefore, the null
hypothesis of HA could berejectedonly in the No-FES period after applying adaptive
learning, and in favor of the alternative hypothgstsich states that the classification accuracy

of the NGFES periodafter applying adaptive learning significantly higherthan the true
chance level Although the classification accuracy of the -RBS period after applying
adaptive learning was significantly higher than the true chance level, it did not achieve the
threshold level (70%) for an effective control through a BCI sys{@®arelmouter &
Birbaumer, 2000)

Some reasons to explain these results are as follorss. thevisual cus preserdgdin
synchronouexperimens in Study Zcreated an experimental environment that was different
than forsemiasynchronougxperiments in Studg. During the experiments in Study 2, the
video clips were provided to help participants mimic Ml tasks, wthiéze was no visual
guidance in Study 3. Therefore, the patients might get confused target Ml tasks or miss the
timing of MI tasks during the serasynchronous experimenthe different decisiormaking
proceduresbetweencould be another reasorror example, the experiment under the
synchronous mode in Study 2 consisted of three classification getamvn asSMR, ACT,
and FES periods, and the acies of SMR periods and ACT periods were separately
analyzed. In contrast, in Study 3, SMR and ACT classifiers were combined in sequential mode
under the sersynchronous mode. In this condition, the SMR classifier was fofre-go
decisionsimilar toa switch, and the ACT classifier classified between grasping and opening
only if the SMR c | 8hersford, theeaccuracey df the fimal dea@stbn ocarG o

be calculated by multiplying two probabilities. Thus, the expected accuracy of the edmbin
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classifies was 52.4% where the accuracies of SMR and ACT periods in Study 2 were 73.49%
and 71.25%, respectivelywhich wassimilar to the actual accuracy of 52.8Fb.addition the
difficulty of classifying a tweclass MI task caexplainlow accuracyFor example, the results
of the other stud{Roset et al., 2014)sing a 2class Ml task similar to this study showed that
the classification accuracy tfe offline analysis did not exceed the threshold level (70%)

In addition the reasons fdhe low accuracy aflassifyingvoluntary and passive SMR
can be explained similar to Studys2ich tha{1) electrical artifacts from the FES might be not
completely grounded; (Zhe duration of ta FES period might be too short, and i(3yas
difficult to stay calm without movememélated imaginatiowhen FES was activated as a few

participants mentioned

FES existence type

The ANOVA results revealed that there were no significant main effects of the FES
existence type on taglkerformance, as well as any interaction effect between the FES existence
type and learning type. Therefore, hypotheses H3.2 was not rejected. The results differed from
the results in Study i that the classiftation accuracyf the FES period with eleatal
stimulation was significantly lower than the SMR and ACT periods. One reason for the
different results is that each experiment was performed in a diffeleessification procedure
as explained previously. Ake final decisiorwas made by sequentialtombining the results
from both SMR and ACT perioddhe¢ expected accuracy of the combined clasifi2r4%)
decreased compared to that of each period. Furtherrigenaximum analysis time (6

seconds) might b®o short to modulate SMR&uring the degcting SMR periodFinally, the
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sample size might be too small to have enough statistical p@werio tlese reasos, the
ANOVA resultsmight not show any significant main effect of the FES existence type on task

performance.

Learning type

The staisticd analysis confirmed thahe application of the adaptive learning method
had a significaneffect onthe classification accuracgnd the poshoc analysis showed that
the application of the adaptive learning method significantly increased the acsumndayto
other studiegVidaurre & Blankertz, 2010)However, other task performancguch as the
completion rate, ITR, and sensitivity was not show any significenh effect of the learning
type Therefore, the null hypothesis of H3c®uld berejectedonly for the classification
accuracy, andn favor of the alternative hypothesighich stats that the classification
accuracy after applying adaptive learniagignificantly higher than before.

The difference in the experiment environment between offline (with visua) and
online (without visual cu® experimentsanexplicatethis effect. As the offline experiment
utilized visual cues with fixed time intervals, the classifiers also affected the visual stimulus
evoked potential even after the intensive artifact removal procedures. With this effect, the
classifier would not havevorked normally in an online experiment without a visual dunee
ROC curves for each/ shown inFigure5.6 also illustrate how the application ofagative
learning could be effective on the accuracy. The figures show that the biased curves were
adjusted after applying the adaptive learning metRagsible reasons for thas could be

nonstationarity. Hazrati & Erfaniarf2010) explained nosrstationarity issues as follows.
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fIAnother important issue in designing an online BCI system is the machineteto classify
the brain signal which is characterized by significant -tiaglay and subjeeto-subject
variations and timevarying probability distributions. (p730). F @ reados) ehe
application of adaptive learning significantly increased abeuracy byaddressing the gap
from different environment and variatigrand adjusting biased criteria bpplyingthe most
recent data.

However, other task performance such as CR, ITR, and sensttigityot show any
significant differences betweehe two learning types. One possible reason is thatFES
period had two different goals, such as stop FES as soon as possible and keep FES as long as
possible. Thus, CR, ITR, and sensitivity might not represent the task performance of keep

SMR. In additionthe electrical artifacts might impede the effect of adaptive learning.

Subjective assessment

The resultanNASA-TLX showed thatnostthep ar t i ci pant s6 ment al ¢
demand, effort, and frustration scenecreased in the second experiment compared to the first,
while performance decreasetlhe twoctailed Student's-test resul showed that mental
demand and frustration significantligcreased while performance significantly decreased
compared to the &t experimentTheseresults also help to explain the low classification
accuracy because higher mental demand and temgiemadnd cause mental fatigue, which
results in lower performandgazetRezai et al., 2012)lo address this issuRohm et al.,
(2013)seta series of exercises for participants to eat ice ckaakil and external devicand

the authorgonfirmedthat the worklod was greatly reduced@hese results suggesithat the
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BCI experiment should be more interesting, ,aagkuggested bthe participantsn the post
experimenguestionnairgan attempto reduce théedium and length ahe Ml training period
may benecessary

In the postexperiment questionnairspmeparticipans complained okithershoulder
or upper arnmuscle fatigue instead of the forearm. Theredlar@epossible reasons to explain
shoulder muscle fatigue. First, tparticipantswvere asked tonove their forearm to hold and
move a ball during the experiment. In order to perform these sequential $askshing
movements of the upper arm and shoulder must be accompanied. These movement may lead
to shoulder muscle fatigue becasseetching movment could cause muscle pain due to the
spastic muscle@/uagnat & Chantraine, 2003Another reason is that unnatural responses to
FES might cause muscle fatiguglthough the current amplitude of FES was gradually
increased by utilizing the ramp time function, some patsfidwedthe retraction of the
shoulder as aadverse reaction to electrical stimulatidinis unnecessary tension of the body
may have caused fatig of the shoulder and upper arm musdiasally, this may be due to
the awkward posture caused by the wires in the BES system which limgidthe movement

of the patients.
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6. GENERAL DISCUSSION

In this chapter, tw@eneraldiscussion topicsvere consideredBCI systems foa 2-

classMlI task in a single hand aradfixed sequence serasynchronousxperiment

6.1. SMR-basedBCI Systemsfor a 2-classMI Taskin a Single Hand

In this study, relatively new concepts of Ml tasks were tested to build a &M
based BCI system which could suppa@-classMI task in a single hand. Most SMBased
BCl research are categorized into two gUje first group utilized SMR features to initiate
a Idimensional applicatiosimilar toan on/off switch(Blokland et al., 2014; Pfurtscheller et
al., 2010) while the other group conttetl a 2dimensionalapplication such as left/right,
up/down, go/backnotionsof arobot,awheelchairabrowserandagame(Huang et al., 2012;
Yu, Li, Long, & Gu, 2012; Yu, Li, Long, & Li, 2013)his isbecause the characteristic of the
SMR featurs induced by M$is most distinct only near the contralateral motor cortethen
left and right hemispheres

Due to these limitations, the MI study has made many efforts to increase the classes
(beyond left ad right). A common example is the use of Ml together with visual stjig
known ashybrid BCI, for browsergYu et al., 2012pr email clients(Yu et al., 2013)In this
case,a monitor that can display visual stimuli can be used without restriction seedas a
required device obrowses or email cliens. However, it is not natural to use visual stimuli
to control upper or lower extremities usiag exoskeleton, orthosigr FES.Also, it is

awkward to employ imaginary movements of left and right hands to implement two
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movements ira singlehand. Therefore, it is very important to study the two movemeras in
singlehand as in this study.

However, few studies explored distinct SMR features induced by different rhythmic
Mis. Gu et al(2009)investigated four Ml tasks consisting of two MI types (wrist extension
and rotation) and two speeds (fast and slow), and the authors reported that the speed variable
had greater classification aibyl than the MI types. Similarly, Choi et gR016) employed
slow-coninuous and fastransient Mitasksto classify a Zlass Ml task in a single hand such
as grasping or opening. Therefore, in this experintleatlifferent speed Ml tasksere utilized
to elicit the discriminative SMR patterns.

AstheMI task is a mentalhnagination, clear Ml instruction is essential for participant
to follow different hand movements at the correct speed and timing. To address this issue,
video clips were utilized to train the exact motion and speed to particiganmtst al., 2016;
Looned et al., 2014)Although visual cues explain the tagasily this method also has a
critical issuethat is a gong visual artifact as defined in Section 4.8 herefore,elaborate
removal methods are required.

After participantshadcompleted trainingtheir brain signalsvere analyzed to extract
two important features, such #ee features tanitiate the BCI system and to classify the Ml
tasks. In this study, the ERD/ERS and CSP methods were usethevghbband division
procedure. The advantagesloé subband method@re(1) the efforts for feature selection can
be minimized by automatedeighing technique and (2) wide frequency bands can be
utilized. However, the disadvantage of this method is computational time because all

combinations of frequency bands and channels (or ting &inould be separately classified.
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In addition, b addresghe limitations of the SMRbased BClsuchthat (1) a long
training period is requiredand (2) classification accuracy of SMR is relatively lower than
visuatbased BCI¢Ortner et al., 2011 }he ensemble methedn be utilizedby fusing multiple
classifiers, such asDA and SVM methodsto make one better and/or robust decision similar
to this study.

Once theoffline analysis is completed, the BCI system and algorithms should be tested
under the online condi tlasofigwhichlas 70% aceusngBl me o n e
both detecting SMR and classifying ACT will be used. Then, the expacmdacyfor a
certain target without erravould bewith a49%chancg0.7 * 0.7 = 0.49with a 30% chance
in idle status (no SMR was detected), and%Zhance in wrong status. If any mistake ogcur
thenthe same procedure and chances will folldwer this reason, there is a great need for a
new type of training and practical experiment methods that can alleviate this problem. For
example, fixed sequer training undethe semiasynchronous mode which was proposed in

this study.
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6.2. SemiasynchronousM ode

Figure6.1 illustratesthe results of good and bad trials. This diagram was also presented
to the experimenter during the experinsmnd it was not onlysefulin checkng current
performance of thegsticipant during the experiment, but afacilitatedexaminng the results
after the experiment. Theaxis of the diagram shows time in secqradgl the yaxisdisplays
the current FES statuBlack boxes indicate the waitirtigne given at the beginniray between
sequencesGreen boxes indicate thténe when the BClsystemdoes not classify irthe 5
seconds given immediately after performing the MI task betweeiods. Rd boxs mean
incorrect classification redts, and hue boxesimplies thetimetha successfully performettie
keepFEStask.This box should appear for 5 seconds, meaning it was done perfectly without

mistakeg5 correct decisions), unlike the red box.

GOOD Bad
Grasping [— [I]]]- [IIIII Grasping — “]]II [[[I]]
Bad
Opening [— mm m]]] Opening [— [I]II- [I]]]-

GOOD

SMR [— [ (D ([0 [T swr —  ([HIHIN (T [m (I

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Figure 6.1. Graphical results of good and bad trials
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The diagram onhe left is an example of a successful trial that not only shows a
balanced overall accuracy but also does not make any consecutive incorrect decisions.
However, as an example of low performance, the right graph shows the successive failure of
the openingMI, and the FES system automatically performed the ogetaisk in accordance
with the 6secondmaximum analysis timen addition, the two green boxes at the tigt
indicate that the participant did not successfully perform #&€p, and there is onlyne blue
bar, meaning oréme success. Five seconds after the opening MI task was started, the
participans should be in a calm state without any imagination to stop Figftire 6.1 (b)
indicates that the stelpES was not normally performed, since many red bars appear as shown
in the figure.

However, under the complete asynchronous mode, it is difficult to know which timing
shows theonset of MI by users due to the naturdlw self-paced experiment. Furthermore,
participants also get confused if errors are accumulated, and easily get frustrated with low
performance, especially for disabled groups. Therefore, a novel experiment desgn
proposed that tried to achieve the advantages of bothsrndaddresmg the disadvantages
of each As aresult, users successfully finished the experiment without excessive delay.
Furthermore, the adaptive learning method also applied under th@spcbmode which was
not feasible or difficult to apply in asynchronous mode.

Thus, in this experiment, fixed sequence traininthesemiasynchronous mode was
proposed. This mode has three important features which combined both synchronous and
asynchroous methods as follow§l) the sequence of tasks is fixed to clarify what the user

should do;(2) errorfree results to prevent them from being confused or exhausted3)
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utilization of SMR detecting initiation modukemilar tothe asynchronous modender the
proposed sermasynchronous mode, participants would be fireen confusion and frustration
Furthermorethe experimenter could utilize the brain signal untle® semiasynchronous
mode to enhance the classification algorithms by adjustindaksiftcation parameters based
on themostrecent data, also knowas adaptive machine learnin@furtscheller & Neuper,
2001; Vidaurre, Sannelli, et al., 2011; Wolpaw & McFarland, 2004)

The outcome of this study was the construction of a roldis SMRbased BCI system
with natural Ml tasks, as well as restoring motor functions of disabled individuals. The results
of Studies 2 and 3 were to address the low classification accuracy with electrical stimulation
by applying the adaptive learning method under sesynchronous mode. The proposed
experimentmode then plays an important role to bridge the gap between the twesmod
Furthermore, this approach not only can improve task performance by minimizing
misclassification rate butanalso enhance user performance by increasingesédem and

reducing frustration.
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7. CONCLUSION AND FUTURE RESEARCH

7.1. Summary of Results

The objectives othis study werdg1) to develop a novel SMiRased BGicontrolled
FES with natural MI tasks for restoration of hand grasping and extension functions by
identifying adequateelectrode placement andserspecific FES parametsr and (2) to
investigate the feasibility of the proposed system by evaluating the efféloed&S existence
typesand learning typeon task performancerain activity and user satisfactiowhile stroke
andTBI patiens performedafixed sequence task representdDLs.

This research consisted of three studstady 1 was to buildn FES platform ando
identify userspecific FES parametethat can minimize muscle pain and discomfort and
consequently increase user satisfactiStudy 2 was to develop a noveMR-basedBCI
system that can classif2-classMI task in a single hanty applying different rhythmic Mi
tasks Finally, in Study 3, the proposed system was validated with fixed sequence training
under semasynchronous mode.

The results shoedthat theapplication of a usespecific FES parameter significantly
reducel perceivedmuscle pain and discomfocompared taa fixed parameter used in the
previous studies-urthermore, all partipants were able to classép-classMI task in a single
hand by utilizing two different rhythmic Mis including SOG and FCO, and the ensemble
classification method was able to classif3-classMI task significantlyhigherthan the LDA

method. Finally, the application tiie adaptive learmg method significantly incread¢he
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classification accuracy of the proposed Slddsed BClcontrolled FES system with fixed
sequence training under seasynchronous mode.

The results of NASATLX from Studies2 and 3 showed that mental demand and
frustraton significantly increased, while performance significantly decreased compared to the
first experiment.In addition, a few participants complained that they felt tired and had
difficulty fully concentrating on the taskduring the posexperimentquestiomaire These
results implicatethatit is necessary to consider the subjective mental workload of participants
in order to minimizeconfounding variablessuch as the influence of tiredness and the

subjective mental workload) order tominimize the accwacy deterioration.

7.2. Contributions to BCI-FES Research

A fewBCl researclstudieshad investigated 2classMI by applying different Ml task
types such adifferentspeed and motionsand some research studies used FES systems for
stroke and TBpatientsHowever this study wa®ne ofthefew studiesto applyboththe FES
system andhe BCI system witla 2-classMI task in a single hanfibr stroke and TBI patients.
Furthermorein this studythesemtasynchronous modeith the fixed sequencgasproposed
that combines the advantages offbsynchronous and asynchronousdes The advantages
of the proposed seraisynchronous modare (1) participants would be free froeonfusion
and frustratiobecause there is no err(®) theexperimentecanutilize the brain signalunder
the semtasynchronous mode to enhance thessification algorithmsand (3) it is easy to

change tdwo modes both synchronous and asynchronous with a small modification.
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In addition, appropriate initial FES electroplesitions were provided with respect to
anthropometric data for each muscle motion, such as WF, WE, FF, and FE. These findings
could address the lack of clear guidelines to determine FES electrode placement, and help
novices without detailed knowledge ofustle anatomy to find adequafkS electrode
placement. Furthermore, the systematic FES parameter setting procedure was proposed to
identify userspecific FES parameters significantly for nmizing muscle pain and discomfort

for user satisfaction.

7.3. Reseach Implications in Human Factor and Ergonomics

The outcomes of this study haf@ur important HF/E implications. Firsboth the
proposedFES platform and th&MR-based BCI systencan be utilized as a test bed to
investigate important HF/E topics such dfe@s of individual differences, environmental
factors, task performancend user satisfaction. Seconassistive technologies could be
developed and connected to the Slididsed BCls, such as robot controls, communication, and
entertainment games, whictould make it possible to explore multitudes of HF/Edepising
BCI technology. Thirdthe SMRbased BClcontrolled FES systems can connect those with
motor disabilities (e.g., strokend TBIpatients) to other people by greatly improving their
guality oflife, enhancing ADL capacity, and even increasing-esteem. Finally, the results
of the study are expected to be utilized to gain an understanding of neuroplasticity in

musculoskeletal rehabilitation of strokad TBlpatients in clinical studies.
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7.4. Resarch Limitation and Future Work

The main limitatiorof this studywas that the sample size was small to have enough
statistical power.lf additional experiments are in progress, some main effénas we
concludedo benotsignificantare likely to @ilange The small sample sizdso prevented the
expansion of the study, such as investigating differencesfiorpence according to severity,
and differencebetween stroke and TBI patients.

The classificationaccuraciesduring the FES period for both asynchronous semi
asynchronous experimentgerenot higher than the true chance level, anhomiplies that the
proposed SMPbased BCI system could not distinguish between voluntarg\Wked SMRs
andFESdriven passivanovenentevokedSMRs There are threpossiblereasongo explain
this low accuracy. First, when FES was actidatthe electrical artifactsnight be not
completely grounded by the aistiatic wrist strap applied to the opposite hand of the affected
forearm.Thus, it is possible that electrical stimulation was mixed with the EEG signals, making
it difficult to classify. Secondhese passive movements driven by FES might have prevented
the patients from stopping the Ml tasks, as sparticipants mentioned thaitwas difficult to
stay calm without movemenmglated imagination when FES was activated. Rmnaillthough
the participants were asked not to perform any voluntary physical movecheimg the
experimentsthey might simultaneouslyperform spontaneousnovementsby following the
FESdriven motion.Since EMG signals were not measured in this study, it was not known
whether the motion had progressed. Therefore, this limitation should be solved through further

study.
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Although the classification accuracy od¥FES period after applying adaptive learning
under semasynchronous mode was significantly higher thartriiie chance levelt did not
achieve the threshold level (70%) for an effective control through a BCI system (Perelmouter
and Birbaumer, 2000Moreover, the adaptive learning method significantly increased the
accuracy similar to other studi@gidaurre & Blankertz, 201Q)put these results might be due
to an ordereffect that the participants weaecustomed tthe semiasynchronous experiment
while continuing to conduct the experiment

The other limitation was thatdequatd~ES electrode placement was altered during
supinationand pronation, leading to sharp muscle pRarticipants were asked to minimize
supination and pronation to prevent anysclepain and discomfortjowever this restriction
made the& movement unnataf. As Keller & Kuhn (2008)reviewed the array types of FES
electrode are availableyhich could help tosolve this issuéby synchronizing between
supination (praation) and the electrode onset in rexale.

Finally, this study did not consider theinforcement oattenuatiorof SMRsoverthe
time. It might be possible tadentify the chang of SMRsas the time progresseshile
conducting a longime experiment,and the relationship between the time and MI task
performance could bevaluatedto determine the proper duration of the Stdésed BCI
experimentwith respect tothe fatigue andtiredness of participants. In this way, task

performance can bmaximized,andattention deterioratiominimized
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Appendix A. FES Safety Screening Questionnaire
(Modified from Reed(1997) Jones and Johnsorf2009) and Rennie(2010)

The following items may be harnifto you in functional electrical stimulation treatment.
Pl ease provide a fiyeso or fAnooO0 answe

YES NO

Unstable cardiac conditions

Cardiac pacemaker or implanted cardioverter defibrillator/ICD

Internal electrodes or wires (pacing wires, DBS or VNS wires)

Implanted drug pump (for chemotherapy medicine, pain medicine)

Ear (cochlear) implant, middle ear implant

Acute danger oHemorrhag

Acute danger of hromboembolism

Tuberculosis

Epilepsy

Skin disease

Hyper/hypotension

Impaired cognition

Impaired communication

Impaired circulation

Malignancy

Decreased sensation

Dysesthesia

Female Patients Are you pregnant? YE !|
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Appendix B. Anthropometric Data for Elbow-Wrist Length
(Retrieved from Gordon et al.(1989)

Elbow-Wrist Length

FEMALE MALE
N =2208 N=1774

Centimeters Inches Centimeters Inches
26.25 Mean 10.33 29.03 Mean 1143
1.54 Std Dev 61 1.54 Std Dev 61
33.40 Maximum 13.15 35.00 Maximum 13.78
17.00 Minimum 6.69 22.60 Minimum 890

Percentiles Percentiles

22.94 1* 9.03 25.79 1 10.15
23.26 2 9.16 26.09 2 1027
23.47 3 924 26.30 3 1035
23.78 5% 936 26.60 5 1047
2428 10® 9.56 27.09 10® 10.66
24.64 15" 9.70 27.44 15" 10.80
24.93 20% 9.81 2772 20™ 1091
25.18 25% 991 2797 25% 11.01
2541 30® 10.00 28.19 30® 11.10
25.62 35® 10.09 28.40 35% 11.18
25.83 40" 10.17 28.60 40" 11.26
26.03 45% 10.25 28.80 435%™ 11.34
26.22 50® 10.32 28.99 50 11.41
26.42 55 10.40 2018 55% 11.49
26.62 60™ 10.48 2038 60™ 11.57
26.83 65 10.56 2958 65™ 11.65
27.05 70t 10.63 29.80 70 11.73
27.29 75® 10.74 30.03 75" 11.82
27.56 g0™® 10.85 3030 80™ 11.93
27.86 85™ 10.97 30.61 85" 12.05
28.26 90™® 11.12 31.01 aQ™® 1221
28.83 95™ 11.35 31.61 95% 12.45
2021 97® 11.50 32.02 g7® 1261
29.49 og® 11.61 3233 9g™® 12.73
29.93 99" 11.78 32.84 99™ 12.93

ELBOW-WRIST LENGTH

The honizontal distance between the posterior point of tke right elbow flexed 90 degrees
and the stylion landmark on the right wrist of a subject sianding with the forearm and
hand held horizontally is calculated as follows: FOREARM-HAND LENGTH minus
HAND LENGTH.
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Appendix C. Anthropometric Data for Circumference of Forearm
(Retrieved from Gordon et al.(1989)
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